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ABSTRACT 
 
 This dissertation investigated the dynamics of estuarine shorelines in the Albemarle-
Pamlico Estuarine System (APES).  Shoreline change is influenced by human activities (e.g., 
shoreline modification), and natural processes (e.g., waves, storms, and sea-level rise) on 
variable temporal and spatial scales in the coastal zone.  This research examined the spatio-
temporal dynamics of shoreline change, the drivers of that change, and the role of shoreline 
erosion in the sediment dynamics of the larger estuarine system.  Historical rates of change were 
found to be comparable to previous studies at -0.5 ± 0.07 m yr-1.  Decadal and sub-annual rates 
of change were highly variable over the study, both spatially and temporally.  However, linear 
regression models indicate that the large changes in shoreline position observed in high-
frequency (bi-monthly) surveys are captured within the long-term (historical) average rate of 
shoreline change.  Simulations from a coupled hydrodynamic and wave model indicate that 
waves and storms (hurricanes) are important drivers of shoreline change.  Wave energy along 
different shorelines was found to be dependent on shorezone characteristics such as shoreline 
orientation, wind direction and fetch, and nearshore bathymetry. 
 The role of shoreline erosion in the sediment dynamics of the larger estuarine system was 
also investigated for a region of the APES, the Tar-Pamlico estuary.  Shoreline erosion and 
shoreline modification were examined within the estuary in order to explore the significance of 
erosion as a source of fine sediment to the estuary.  Sediment storage was also evaluated for the 
Tar-Pamlico estuary using rates of sediment accumulation determined from the radionuclide 
tracers of 210Pb and 137Cs.  A fine sediment budget was constructed for the Tar-Pamlico estuary.  
The budget indicates that eroding wetland shorelines represent a significant (43% of total fine 
sediment input) source of material to the estuary.  Also, the majority of fine sediment is retained 
within zones of accumulation within the estuary, with only about 7% potentially exported to the 
adjacent Pamlico Sound. 
 Overall, this research highlights the dynamic process of estuarine shoreline change, and 
the role of that change in the functioning of the larger estuarine system.  Coastal managers need 
to incorporate an understanding and accommodation of these processes into future management 
plans for North Carolina’s estuarine shorelines. 
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CHAPTER 1 
 
 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.0 Research Significance 
Coastal zones are important areas that encompass a range of terrestrial and aquatic 
ecosystems that provide essential goods and services to both humans and the larger ecosystem.  
Humans utilize the coastal zone for recreation, resource extraction, transportation, and benefit 
directly and indirectly from the biophysical processes that operate along the coast.  Over 50% of 
the United States population lives within the coastal zone and directly utilizes its resources 
(Crossett et al. 2004).  Over the last century the rate of development has steadily increased 
(Camfield and Morang 1996).  Many people rely on resources such as aquatic life (commercial 
and recreational fishing) and less tangible things such as beach serenity and striking viewscapes 
(tourism).  Ecologically, the coastal zone represents a transition between marine and terrestrial 
systems and is an area vulnerable to change, both natural and anthropogenic (Poulter et al., 
2009).  As our utilization of the coast increases, there is greater potential for conflict between 
different stakeholders (Charlier and De Meyer 1998).  Also, the emergence of more uses for 
coastal resources (e.g., off-shore wind farms) and awareness of future issues (e.g., sea-level rise) 
creates new problems for coastal managers, and in many cases, policy has yet to develop 
addressing these challenges (Charlier and De Meyer 1998).   
North Carolina includes thousands of miles of oceanic, estuarine, and riverine shoreline 
in twenty counties designated as “coastal” or CAMA (Coastal Area Management Act) counties 
(Deaton et al. 2010; Geis and Bendell 2010).  These include the beaches of the Outer Bank, 
extensive wetlands (marshes and swamps), and a growing number of engineered shorelines 
(Corbett et al. 2008; Poulter et al. 2009).  Over the last several decades most CAMA counties 
have steadily grown in population (Beatley et al. 2002; Stuart 2010).  Census data shows that 
from 1990 to 2000, 18 of the State’s CAMA counties gained in population, and 12 exhibited at 
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least a 10% growth (Stuart 2010).   Impressively, five of these counties, all part of the Outer 
Banks coastal zone, experienced a 30% or more growth in population (Stuart 2010).  In 
comparison, the national average increase in the population of coastal counties was about 12% 
(Beatley et al. 2002).  With this increase in the coastal population comes the expansion of coastal 
infrastructure.  As more high-value and dense development occurs, the costs associated with both 
protecting and recovering from the impacts of coastal hazards such as shoreline erosion, sea-
level rise, and hurricane winds, also rises (Beatley et al. 2002).  A study by the Heinz Center 
estimated that the cost of property loss due to coastal erosion alone was $500 million per year 
nationally (NRC 2007). 
Ocean shoreline erosion has long been recognized as an important coastal issue in North 
Carolina, and more recently, erosion of the estuarine shoreline has been identified as a significant 
concern (Corbett et al. 2008; Riggs and Ames 2003).  Research in estuaries has documented 
zones of accretion and rates of erosion as high as over seven meters per year (Bellis et al. 1975; 
Corbett et al. 2008; Cowart 2011; Riggs 2001; Riggs and Ames 2003).  Early studies in North 
Carolina identified possible responses or policies that could mitigate future shoreline erosion and 
the impact of development on the coastal zone (i.e., see recommendations in Bellis et al. 1975).  
North Carolina was the first coastal state to participate in the Coastal Zone Management 
Program, and their Coastal Area Management Act went into effect in 1974 (NOAA 2010).  
North Carolina is also one of the few coastal states with a regulatory ban on the building of 
permanent stabilization structures on the ocean shoreline (Christie 1994; Kittinger and Ayers 
2010; Nordstrom 1992).  However, no such ban exists for the estuarine shoreline, and over the 
years, there has been extensive modification.  A report from the North Carolina Division of 
Coastal Management calculated the percent of estuarine shoreline that is modified or “hardened” 
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in the twenty CAMA counties at 5%, and in seven of the twenty counties, the average is over 5% 
(McVerry 2012).  In comparison, 50 to 75% of the shoreline is modified by structures in New 
Jersey, San Diego, and the Chesapeake Bay (Erdle et al. 2006).  However, the growing 
modification of the estuarine shoreline in North Carolina should be viewed as a precursor to the 
heavily engineered shore environment seen elsewhere (Erdle et al. 2006). 
The purpose of this dissertation research is to investigate the dynamics of estuarine 
shoreline change in the large, shallow, Albemarle-Pamlico Estuarine system (APES) of North 
Carolina with the goal of informing management decisions.  Specific objectives were to: 1) 
explore the utility of new remote sensing techniques for observing rapid shoreline change, 2) 
examine the temporal and spatial variability of estuarine shoreline change and evaluate drivers of 
that change, 3) determine the significance of shoreline erosion as a source of fine sediments to 
the estuarine system, and 4) identify the potential impacts of shoreline hardening on the system 
and the implications for future coastal management in North Carolina. 
 
2.0 Estuarine Shorelines 
The land-water interface is a complex area where terrestrial and marine processes interact 
with environments.  This region has been designated by some as the "shore zone" and extends 
from an upland boundary (e.g., vegetation line) to a seaward limit (e.g., water depth), and can 
vary depending on how these limits are defined and controlling processes.  The boundaries are 
commonly set by a combination of government law and geomorphic features or processes (Fig. 
1; Christie 1994; NRC 2007).  From a geomorphic perspective, the shore zone may be defined by  
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 Figure 1  Definitions of nearshore zones and legal ownership for a typical coastal zone.  The 
common legal demarcation between private and public lands, the "shoreline," is usually taken to 
be the intersection of the mean high water line with the beach profile.  But temporal variation of 
the beach profile and even of the sea-level complicates this interpretation (Modified from NOAA 
2001; from NRC 2007). 
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tidal range, mean water level, or features such as depth contours, dunes, and vegetation (Coyne 
et al. 1999; French 2001; French 2003; NRC 2007; Nordstrom 1992).  In the Netherlands the 
shore zone is defined by integrating around the mean shoreline position between the -5 meter and 
+3 meter contours relative to their sea-level datum (Fig. 2; NRC 2007).  By defining their 
shoreline as an area instead of a contour, the Netherlands has integrated an automatic easement 
into their shoreline definition; this is a strategy that some states, such as South Carolina, have 
also adopted (SCDHEC-OCRM 2010). 
Within the shore zone, a specific position of the actual land-water interface is termed the 
"shoreline".  The exact location of the shoreline can change due to astronomical and 
meteorological tides, storm surges, sea-level changes, and variations in land elevation (e.g., 
subsidence and uplift; Bellis et al. 1975; Camfield and Morang 1996; Esteves et al. 2006; List et 
al. 2006; Pajak and Leatherman 2002; Riggs and Ames 2003).  In order to characterize 
fluctuations over time or utilize shoreline information in policies and development plans, the 
location of the shoreline must first be carefully defined (Boak and Turner 2005).  As with the 
limits of the shore zone, there are many ways to define shoreline position, such as the mean and 
instantaneous shoreline positions.  A mean shoreline may be derived from an average water-level 
statistic such as the mean high water line over the 19.2 year tidal epoch (Ali 2010; Byrne 2010; 
Christie 2009; NRC 2007).  This is also sometimes termed a tide-coordinated shoreline where 
the average intersection of a tidal level is defined in reference to some vertical datum (Ali 2010; 
NRC 2007).  This type of shoreline is most commonly used for regulatory purposes (Byrne 2010; 
Christie 2009).  An instantaneous shoreline represents a single snapshot of the position at a 
specific time (Ali 2010; Byrne 2010; Christie 2009).  This is the type of shoreline that is derived 
from aerial or satellite images and is not necessarily in reference to a vertical datum (Ali 2010,  
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 Figure 2  The definition of the open-coast shoreline in the Netherlands is called the Momentary 
Coastline (MCL) and is found as the total area of beach lying between -5 meters and +3 meters 
from NAP (Normaal Amsterdams Peil, i.e., Netherlands’ reference for sea-level) divided by 8 
meters.  This quantity integrates detailed profile fluctuations that would otherwise confuse 
estimation based on a more traditional shoreline location (from NRC 2007). 
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Camfield and Morang 1996).  It is important to note that most studies of shoreline change use the 
instantaneous shoreline rather than the mean shoreline; however, the goal is to have the 
instantaneous shoreline represent a mean shoreline, so tide-coordinated images or other 
evaluations may be made. 
 Shorelines have varied geomorphology that is influenced by antecedent coastal geometry, 
climate, and more recently human alteration (Bellis et al. 1975; Nordstrom 1992; Riggs and 
Ames 2003).  Physical processes are also key determinants of shoreline morphology.  At a 
continental or regional scale, coastlines are divided into rocky, soft, and organic shorelines 
(Nordstrom 1992).  This dissertation focuses on "soft" sediment and organic shorelines, the types 
commonly found in the southeastern United States and particularly in northeastern North 
Carolina.  These shore types are common in estuaries and ocean embayments where sediment 
has accumulated because of the limited influence of ocean swell (NRC 2007; Roman and 
Nordstrom 1996).  As a result of the limited ocean influence, sheltered coastlines are more varied 
and develop features characteristic of low-energy environments such as extensive mudflats and 
wetlands (NRC 2007; Riggs and Ames 2003; Whitehouse et al. 2000).  These systems are 
heavily influenced by local-scale, shallow-water, sediment transport processes (NRC 2007, 
Nordstrom 1992).  The sediments that compose these shorelines are also local and often formed 
in-situ (through physical or biological processes), transported from adjacent areas, or exported 
from nearby rivers (NRC 2007; Riggs and Ames 2003).  The type and composition of the 
sediments along these shorelines is important for discussions of shoreline change.  Grain-size 
and sediment composition impact the susceptibility of shorelines to erosive forces and the 
potential for eroded material to be transported. 
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Sediment shorelines such as bluffs and banks are prevalent in the Southeast and are one 
of the most common types of shorelines used for recreation or other human activities due to 
accessibility (Nordstrom 1992; NRC 2007; Riggs and Ames 2003).  Most commonly they are 
low sediment banks or estuarine pocket beaches composed of unconsolidated, coarse to fine 
sands (Bellis et al. 1975; Nordstrom 1992; Nordstrom and Jackson 2012; NRC 2007; Riggs and 
Ames 2003).  These are essentially shoreline accumulations that have been shaped by wave 
action, along-shore currents, and storm surges (Nordstrom 1992; NRC 2007; Roman and 
Nordstrom 1996).  Local material is eroded from other shorelines such as high bluffs or inlets 
and transported to areas of lower energy where they deposit, and can accumulate depending on 
conditions (Nordstrom and Jackson 2012; Riggs and Ames 2003; Runyan and Griggs 2003).  
These sediments can also accumulate in embayments along organic shorelines such as marshes 
and form small pocket beaches (Nordstrom 1992; Riggs and Ames 2003; Roman and Nordstrom 
1996).  Studies suggest that the profile of these beaches and the direction of sediment transport 
are driven by the locally generated wave climate and the pre-existing shore slope (Jackson et al. 
2002; Nordstrom and Jackson 1992; Makaske and Augustinus 1998; Riggs and Ames 2003).  
Sediment bank coasts can also exhibit features such as nearshore bars and shoals from material 
transported both along- and across-shore (Nordstrom and Jackson 2012; NRC 2007; Pilkey et al. 
2009).  Research also suggests that these nearshore features can affect further shoreline erosion; 
once formed, bars act to force waves to break off-shore and lessen the erosive energy reaching 
the actual shoreline (Bellis et al. 1975; Nordstrom 1992; NRC 2007).  However, if these features 
are removed either through large storms or human activities, then the shoreline is once again 
exposed to the full force of waves and currents. 
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 Organic shorelines include wetlands such as marshes and swamps, as well as tidal flats 
(Bellis et al., 1975; Mitsch and Gosslink 2000; Riggs and Ames 2003; Roman and Nordstrom 
1996).  They occur on low-energy shorelines where the gradient is small, and the mud content 
can be high, where fine sediments are available (Coyne et al. 1999; NRC 2007; Riggs and Ames 
2003).  Wetlands by definition are areas of biological growth and often have a greater organic 
component due to the presence of extensive root mats, leaf litter, and other decomposing organic 
material supplied by vegetation (Mitsch and Gosslink 2000; NRC 2007; Riggs and Ames 2003).  
The organic matter and fine sediments create a more cohesive substrate makes these types of 
shorelines more resistant to erosion by waves than unconsolidated sandy shores (Cowart et al. 
2011; Roman and Nordstrom 1996). 
In North Carolina, marsh areas expanded as sea-level stabilized around 6,000 to 8,000 
years ago (Riggs and Ames 2003).  Underlying them is generally peat and muddy sediment 
approximately a meter or more thick, and overlying sandy marine deposits (Bellis et al. 1975).  
Wave erosion in many areas has created a distinct scarp in the profiles that transition to sandy 
sediments on the bottom just offshore (Bellis et al. 1975).   Where the tidal range is sufficient, 
there can be vegetated or un-vegetated extensive muddy intertidal flats (Mitsch and Gosslink 
2000).   
 Along the upper tributaries of estuaries and protected embayments are swamp forest 
wetlands vegetated with hydrophilic trees and scrub brush (Mitsch and Gosslink 2000; Riggs and 
Ames 2003).  The trees, commonly cypress in coastal North Carolina, are sensitive to water-level 
fluctuations and salinity (Bellis et al. 1975; Mitsch and Gosslink 2000).  Extensive inundation 
can create a fringe of dead trees, debris, and relict root systems at the shoreline that can act to 
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armor these shorelines against wave attack (Bellis et al. 1975).  These features also serve as 
obvious indicators of shoreline erosion (Bellis et al. 1975; Leatherman 2003; Schwimmer 2001). 
 
3.0 Dynamics of Sediment Transport and Shoreline Erosion 
3.1 Sediment Budgets and Littoral Cells 
Ultimately, the position of the shoreline is determined by sea-level (French 2003; French 
2001; NRC 2007).  However, on a smaller scale (regional and smaller) the shoreline position 
changes over time due to geomorphic processes and human intervention (Camfield and Morang 
1996).  Movement can be cyclical and occur over timescales from hours to millennia (Camfield 
and Morang 1996).  Different stresses are capable of supplying, transporting, and eroding 
material from the shore.  As long as transport of sediment in and out of the system is balanced 
(i.e., steady state), there may be change in the shoreline position or profile, but no net change in 
sediment volume in the system (Fig. 3; French 2001; NRC 2007; Rosati 2005).  This balance is 
calculated using a sediment budget: 
 
∑𝑄𝑠𝑜𝑢𝑟𝑐𝑒 −  ∑𝑄𝑠𝑖𝑛𝑘 −  Δ𝑉 + 𝑃 −  𝑅 = 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  Equation 1 
 
where the total sources (Qsources; e.g., longshore transport from adjacent cells) and sinks (Qsinks; 
e.g., longshore transport out of the cell) that control total sediment volume for the littoral cell are 
quantified, along with the net change in shoreline sediment volume (ΔV), and the anthropogenic 
placement (P) or removal (R) of material on or off the shoreline (Fig. 3; Rosati 2005).  The 
resulting residual represents the balance of sediment (Rosati 2005).  If the residual is zero then 
the inputs and outputs are considered balanced (French 2001; Rosati 2005).  A residual other  
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 Figure 3  Sediment budget parameters for a coastal cell.  Qsink and Qsource represent pathways for 
sediment transport in and out of the budget cell.  Volumetric changes of sediment within the cell 
are represented by P, R, and ΔV (from Rosati 2005). 
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than zero indicates an alongshore gradient in sediment transport in the system and consequently, 
a volume change (Rosati 2005). 
This equation is typically applied to individual littoral cells or lengths of coastline where 
sediment transport processes are considered to be independent of adjacent areas (NRC 2007; 
Patsch and Griggs 2006).  Boundaries between littoral cells tend to be geomorphic features such 
as spits, islands, or headlands (Bowan and Inman 1966; Dolan et al. 1987; Rosati 2005).  Littoral 
cells on protected coastlines are much smaller than in the coastal ocean due to the complexity of 
shoreline geometry and presence of obstacles (natural or man-made) that interrupt alongshore 
currents (Komar 1983; Nordstrom 1992; NRC 2007; Roman and Nordstrom 1996).  The concept 
of the littoral cell is important when an action (e.g., development) alters transport, or the sources 
and sinks of a cell.  A clear example is the construction of a structure, such as a groin, that 
interrupts longshore transport within a littoral cell, creating a change in the pattern of 
accumulation and erosion in the cell or adjacent area (French 2001; NRC 2007; Roman and 
Nordstrom 1996).  Logically, segments of shoreline cannot be considered independent of 
adjacent areas (Roman and Nordstrom 1996). 
 Sediments are supplied to the coast primarily through river discharge, direct run-off, 
erosion of adjacent shorelines, transport in the coastal zone, and to a minor extent, aeolian 
transport (Ali 2010; NRC 2007; Roman and Nordstrom 1996).  Erosion of adjacent shorelines 
and the along-shore transport of that material is especially important as a sediment source for 
some estuarine shorelines.  River discharge is another significant source of material to the coastal 
zone (Ali 2010; NRC 2007; Roman and Nordstrom 1996).  In many areas, this has been reduced 
over the last 100 years due to damming and channel alteration (Ali 2010; NRC 2007; Roman and 
Nordstrom 1996).  On back-barrier shorelines, overwash events also can be important but 
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episodic sources of sediment (Ali 2010; Camfield and Morang 1996; NRC 2007; Roman and 
Nordstrom 1996).  However, with increased development and armoring of the oceanfront 
shoreline, it is difficult for material to reach the back-barrier even during periods of high storm 
surge (Ali 2010; NRC 2007; Roman and Nordstrom 1996). 
 
3.2 Mechanisms of Shoreline Erosion 
 The erodibility of a given shoreline is a function of many factors, including wave energy 
(determined by fetch and water depth), shoreline composition and morphology, vegetation, 
nearshore littoral processes, and sediment supply (Ali 2010; Bellis et al. 1975; Corbett et al. 
2008; French 2003; NRC 2007; Phillips 1986; Riggs 2001; Riggs and Ames 2003; Rosen 1980).  
Human activities such as shoreline hardening can modify any of these parameters and impact the 
rate of erosion (Ali 2010; Bellis et al. 1975; NRC 2007; Roman and Nordstrom 1996).  At a 
regional scale many of the mechanisms controlling shoreline erosion may function similarly 
(Jackson and Nordstrom 1992).  However, at a local level these mechanisms can be controlled by 
fine scale, site specific factors (Jackson and Nordstrom 1992; Nordstrom and Jackson 2012).  
Local controls include shoreline orientation, longshore currents, shoreline sinuosity or geometry, 
and nearshore bathymetry (Cooper et al. 2007; Jackson and Nordstrom 1992; Nordstrom 1992; 
Nordstrom and Jackson 2012; Phillips 1986).   
Waves introduce energy to the coastal zone and can drive intertidal and subtidal erosion 
in some places and deposition in others (French 2001; Komar 1983; Nordstrom 1992; NRC 
2007; Roman and Nordstrom 1996).  The amount of wave energy impacting the shorezone along 
sheltered shorelines is a function of the fetch (French 2001; Komar 1983; Munk 1950; Sorensen, 
2006).  In sheltered and shallow estuarine shorelines, fetch and depth are the main limits to wave 
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growth and therefore a significant control on erosion and sediment transport (Komar 1983; 
Nordstrom and Jackson 2012; NRC 2007; Smith et al. 2001).  As fetch and depth increase, so 
does the potential wave energy (Komar 1983; Nordstrom and Jackson 2012, NRC 2007).  Along 
a given shoreline, orientation relative to the prevailing wind (and wave) direction also controls 
wave energy (Lorang et al. 1993; Nordstrom and Jackson 2012).  For examples, a study in 
Scotland by Pierce (2004) observed a maximum wave height of 0.94 m when storm winds were 
oriented with the long-axis of a loch (33 km), and wave heights of less than 0.1 m under similar 
storm conditions but with wind from the most fetch-limited (7 km) direction.  Maximum depth in 
the loch was 152 m, indicating that fetch, instead of depth, was limiting wave growth in the loch 
(Pierce 2004). 
Waves that develop in shallow areas (e.g., estuaries) are generally smaller, steeper, and 
have shorter periods than ocean waves (less than 4-5 seconds; French 2001; Jackson et al. 2002; 
Kamphuis 2012; Komar 1983; Nordstrom 1992; Nordstrom and Jackson 2012; NRC 2007; 
Roman and Nordstrom 1996).  In the study by Pierce (2004), wave periods of 1 to 2 seconds 
were most common.  It should be noted that other environmental factors, such as wind and tides, 
can also impact wave climate in estuarine or lacustrine systems by altering water-levels (Lorang 
et al. 1993; Luettich et al. 2000).  Increased water-level due to meteorological forcing can result 
in greater wave energy as well as flooding of the shore face and lead to erosion (Lorang et al. 
1993). 
Along sandy estuarine shores, the energy of breaking waves shapes shoreline morphology 
through the across- and along-shore movement of sediment in a manner similar to oceanfront 
shorelines.  During periods of high wave energy the direction of transport is offshore; however, 
due to the relatively low wave energy (in comparison to oceanfront shorelines) much of this 
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material may only move between the upper and lower shore face (Jackson et al. 2002; Nordstrom 
and Jackson 1992; Nordstrom and Jackson 2012).  During periods of low wave energy there is 
net onshore movement of sediment and building of berm and foreshore elevation (Komar 1983; 
Nordstrom and Jackson 2012).  Along oceanfront shorelines these beach profiles are commonly 
linked with (and referred to as) seasonal cycles (e.g., summer or winter) in wave energy regime 
or the passage of individual storms (Brown et al. 1999; Komar 1983).   
 Along muddy shorelines the interaction between waves and nearshore sediments is a little 
different than what occurs along sandy estuarine shorelines.  Fine, muddy sediments may be 
eroded when bed shear stress exceed cohesive forces (Wells and Kemp 1984).  The highly 
porous and often bioturbated muddy bottom also creates more frictional interaction with wave 
orbitals which results in greater wave attenuation in the nearshore zone (Wells and Kemp 1984).    
Research by Wells and Kemp (1984) found that along coastlines of Louisiana and Surinam that 
the presence of fluid muds in nearshore environment attenuated over 90% of wave energy.  The 
presence of fluid mud deposits and other muddy cohesive features such as extensive mudflats 
can therefore provide protection to the shoreline by significantly reducing incoming wave energy 
(Wells and Kemp 1984). 
In contrast to erosion along sandy shorelines, marshes typically eroded through a process 
where waves undercut the marsh platform along the shoreline (Finkelstein and Hardaway, 1988; 
Schwimmer, 2001).  As marshes tend to have exposed scarps at the edge of the marsh platform 
the subsurface is exposed to wave attack (Finkelstein and Hardaway 1988; Phillips 1986; 
Schwimmer 2001).  Over time the weight of the unsupported root mat causes slumping (Fig. 4b).  
Schwimmer (2001) described a common morphology of an eroding marsh shoreline as a series of 
clefts and necks where waves have undercut the marsh until segments slumped into the  
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 Figure 4  Morphological characteristics of an eroding marsh shoreline; a) plan view, b) cross-
section (from Schwimmer 2001). 
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water forming clefts (Fig. 4a).  Eventually, wave energy focused in the clefts erodes away the 
base of the neck (pinched neck, Fig. 1.4a) until it separates from the shore entirely, effectively 
returning the shoreline to a more smooth geometry (Schwimmer 2001).  In Schwimmer (2001) it 
was found that there was a correlation between wave power (P) and the rate of marsh erosion, 
emphasizing the role of waves in shaping marsh shorelines.  Some of the material eroded from 
the marsh edge has also been shown to be transported onto the adjacent marsh surface, becoming 
a significant source of sediment for vertical accretion (Pethick and Reed 1988).   Vegetation also 
plays an important role in marsh shoreline change.  Beaches can respond quickly to changes in 
wave energy through adjustment of their cross-shore profile; however, marshes build elevation 
slowly through the accumulation of fine sediment and organic matter (Mitsch and Gosselink 
2000; Reed 1990; Stumpf 1983).  The type of wetland vegetation impacts the rate of peat 
production and the trapping of sediment by reducing flow velocities to facilitate the settling of 
suspended particles (Leonard et al. 2002; Phillips 1986). 
 Large coastal storms such as hurricanes or nor’easters can result in potentially dramatic 
shoreline erosion over a very short time period (Camfield and Morang 1996; Dolan et al. 1978; 
Phillips 1999).  Along the mid-Atlantic in 1962 the “Ash Wednesday Storm” caused extensive 
ocean overwash and eroded beaches and dunes established over 30 years prior (Dolan et al. 
1988).  Storm surge associated with these episodic events increases wave run-up and brings 
breaking waves further up the shoreface (Dolan et al. 1978).  Studies have shown that the 
increased sediment mobilization associated with storms also contributes to enhanced sediment 
exchange between estuarine environments (Reed 1989; Roman and Nordstrom 1996).  In the 
future changes in the frequency and magnitude of these storms could impact rates and patterns of 
shoreline erosion, especially where modification of the shoreline has occurred (Camfield and 
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Morang 1996).  Finally, where barrier islands are present in the coastal zone, their evolution and 
processes (e.g., overwash and inlet dynamics) also impact the estuarine shoreline (Riggs and 
Ames 2003). 
 
4.0 Dissertation Overview 
 
With the exception of Chapters 1 and 5, all the chapters in this thesis are formatted as 
individual publications.  Chapter 1 consists of introduction and background material for the 
thesis.  Chapter 2 has already been published, but for the purpose of this thesis was reformatted 
to match the rest of the document.  Chapters 3 and 4 present new research, and Chapter 5 focuses 
on the management applications of this work. 
This research examined the spatio-temporal dynamics of estuarine shoreline change, as 
well as the role of waves and storms as drivers of that change, and evaluated the importance of 
shoreline erosion as a source of fine sediments to the larger Albemarle-Pamlico Estuarine 
System (APES).  The spatial and temporal dynamics of shoreline change were evaluated at five 
study sites across the APES using a combination of aerial imagery and in-situ shoreline surveys 
(Chapters 2 and 3).  The application of a balloon-aerial-photography system for capturing high-
resolution, cost-efficient, and timely imagery of the shorezone was also examined (Chapter 2).  
This imagery, coupled with measures from a high-accuracy, real-time kinematic GPS, enable the 
observation of rapid changes in the shoreline position and collection of ancillary environmental 
data (Chapter 3). 
More specifically, in Chapter 3 shoreline change was determined for a range of temporal 
periods or ‘eras’, from a historical period of 50 years to bi-monthly surveys utilizing the methods 
assessed in Chapter 2.  Waves and storms are explored as the main drivers of shoreline change.  
Waves generated by local weather patterns and storm events were examined for the sub-annual 
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shoreline eras using a coupled hydrodynamic and wave model.  Shoreline orientation, wind 
direction, and water depth on wave energy were also investigated using the coupled 
hydrodynamic and wave model (Chapter 3). 
Chapter 4 explores the importance of wetland shoreline erosion as a source of fine 
sediments to the Tar-Pamlico sub-estuary, a tributary of the APES.  To examine these dynamics, 
a fine sediment budget was constructed for the Tar-Pamlico estuary.  Rates of shoreline change 
and sediment accumulation using radionuclide tracers were determined for the study area.  
Erosion rates for the shorelines classified as wetlands (i.e., swamp and marsh shorelines) were 
used, along with elevation and bulk density estimates, to calculate the mass of sediment supplied 
to the estuary.  Export was estimated based on supply and storage.  These observations provided 
information on system functioning. 
Chapter 5 provides a summary and synthesis of this research and its implications for 
future coastal management in North Carolina. 
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CHAPTER 2 
 
 
 
High-resolution Analysis of Shoreline Change and Application of Balloon-based Aerial 
Photography, Albemarle-Pamlico Estuarine System, North Carolina, USA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
Previous studies of shoreline erosion have relied on satellite imagery or airplane-based 
aerial photography, which can be costly, of limited availability, and of restricted resolution.  
These factors limit the usefulness of such imagery for detailed shoreline-change measurements 
that require frequent observations with high spatial accuracy.  Easily deployed balloon-based 
photography systems can provide high spatial and temporal resolution images at relatively low 
cost.  This study utilized an Aerostat balloon photography system along with real-time kinematic 
(RTK) GPS to observe sub-annual changes in the shoreline position of the Albemarle-Pamlico 
Estuarine System (APES), North Carolina, USA.  The fine (0.03 m-pixel) resolution of Aerostat 
images is ideal for mapping shoreline areas although limited in spatial extent.  Features digitized 
from these images compare well in position (0.5 ± 0.5 m) and accuracy (± 0.4 m) to in-situ   
RTK-GPS surveys.   The balloon system is best utilized concurrently with RTK-GPS surveys to 
obtain the highest possible georectification accuracy.  Results demonstrate that this method is 
well-suited to high-accuracy analysis of shoreline positions over short timescales (annual to sub-
annual), and that the balloon images provide a valuable spatial context for any measured 
changes.   Preliminary analysis of shoreline change across the APES highlights great spatial and 
temporal complexity.  Annualized rates of change reached >30 m/yr but average net changes 
were modest for survey periods (-0.5 m to 0.04 m).  Tropical weather systems (e.g., Hurricane 
Earl) can be key drivers of the observed shoreline response, and the associated sediment 
dynamics likely have important ecological (e.g., submerged-aquatic-vegetation and water 
quality) ramifications. 
 
 
 
29 
 
1.0 Introduction 
Remote sensing via satellites and aerial photography is regularly utilized to capture and 
study spatial information such as the land-water boundary, submerged-aquatic-vegetation (SAV) 
distribution, and land-cover attributes.  More specifically, the shoreline position has been 
determined historically by mapping from remotely sensed imagery or other map sources (e.g., 
NOS T-sheets), in-situ survey methods or a combination of these approaches (Dolan et al. 1978; 
Crowell et al. 1991; Crowell et al. 1993; Graham et al. 2003; Langley et al. 2003; Wang and 
Allen 2008).  Airplane-acquired aerial photography has been the most commonly utilized tool for 
shoreline-change studies due to its availability (digital and hardcopy), wide spatial coverage, and 
reduced cost (in comparison to in-situ surveys).  However, these images are typically acquired 
only every few or more years, and the collection of additional imagery is costly, precluding 
higher frequency observations.  Additionally, while spatial coverage may be moderate (i.e., ~10 
km2 coverage), the spatial resolution is often mediocre (0.5 m pixel size is most common) 
depending on the age and quality of the imagery (Table 1).  As a result,   airplane-based imagery 
in most cases can only be used to determine meter-scale changes in shoreline location (Crowell 
et al. 1991; Smith et al. 2009).  The low resolution also impacts the ability to obtain 
environmental information, such as shoreline vegetation composition or the presence of hard 
structures, that may provide valuable insight into shoreline change processes and other studies of 
small-scale biogeomorphic features (Miyamoto et al. 2004; Boak and Turner 2005; Massada et 
al. 2008). 
The advent of relatively inexpensive and easily used balloon photography or other      
self-deployed (e.g., a remote controlled hexacopter or the helikite) systems facilitates the 
acquisition of high-frequency, high-resolution, aerial imagery (Miyamoto et al. 2004; Boak and 
Turner 2005; Massada et al. 2008; Smith et al. 2009).  Furthermore, these systems can be rapidly  
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Table 1  Summary of image attributes for different remote-sensing methods.  The asterisk 
indicates imagery used in this study.  Uncertainty is provided by image metadata and is 
calculated for the Aerostat. 
 
Aerial Image  
Type 
Pixel Size 
(m) 
Horizontal 
Uncertainty 
(m) 
1 m DOQQs 1.00 (3.28 ft) +/- 7.0 
(400 ft) scale orthophotos* 0.30 (1 ft) +/- 2.4 
(200 ft) scale orthophotos 0.15 (0.5 ft) +/- 1.2 
(100 ft) scale orthophotos 0.08 (0.25 ft) +/- 0.6 
Aerostat images* 0.03 (0.1 ft) +/- 0.3 
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deployed at a relatively low cost.  The main objectives of this paper are to (1) illustrate the utility 
of a balloon-aerial photography system for making detailed shoreline-change observations and 
(2) conduct a preliminary analysis of high-resolution spatial and temporal changes in estuarine 
shoreline character. 
 
2.0 Materials and Procedures 
A pilot study of high-resolution estuarine shoreline change was conducted at two sites within 
the Albemarle-Pamlico Estuarine System (APES) of North Carolina (USA) for a one-year period 
(Fig. 1A).  These sites were utilized to evaluate any methodological issues and/or change 
similarities in different settings.  One site was located in the Palmetto-Peartree Preserve (PPP) 
adjacent to Albemarle Sound in Tyrrell County (Fig. 1B).  This site consists of a sediment bank 
shoreline characterized by scattered woody debris, tree stumps, and some fringing grasses.  The 
second site was in the Gull Rock Gamelands (GRG) located along Pamlico Sound in Hyde 
County (Fig. 1C).  Site GRG is a marsh shoreline characterized by a subaqueous vertical scarp 
(generally <1 m) and an erosional morphology analogous to that described by Schwimmer et al. 
(2001), with cleft-and-neck formations, undercutting, and pockets of sandy shoreline.  The site is 
backed by a man-made canal system.   
The project utilized an Aerostat balloon photography system sold by Aerial Products 
(hereafter referred to as the “Aerostat”).  The system consists of a 7.2 m3 Kingfisher Aerostat 
polyurethane helium balloon fitted with a custom remote-controlled gimbal mount that holds a 
digital SLR camera (Fig. 2).  The camera and gimbal mount are controlled wirelessly using the 
Futaba remote-operation station with an integrated 18-cm (7-inch) LCD screen.  The camera 
used in this work was a Canon Rebel T2i (EOS 550D camera body, 18.0 megapixel) with an    
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 Figure 1  Maps of study sites.  A) regional overview map; B) the Palmetto-Peartree Preserve 
(PPP) site in Tyrrell County and C) the Gull Rock Gamelands (GRG) site in Hyde County.  
Note, the boundary boxes for (B) and (C) are shown in (A). 
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 Figure 2  The Aerostat balloon photography system.  A) Aerostat system deployed; B) close-up 
of Aerostat system; C close-up of camera mounted on remote controlled gimbal platform. 
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EF-S 18-55 mm lens with digital image stabilizer.  Images were acquired with a 1/1250 s shutter 
speed, auto ISO, auto focus, and 4.5 aperture.  The total cost of the system was approximately 
$8,000.  Helium was obtained from a local supplier at $45 per tank, with a complete fill of the 
balloon requiring 2 tanks.  While the Aerostat system is more expensive than homemade kite and 
balloon systems, it is well-designed and significantly cheaper than acquiring imagery by airplane 
or helicopter.  It is noted here that recently developed remote-controlled flying devices (e.g., the 
hexacopter) may provide a similarly stable, economical photographic platform to that of the 
balloon. 
The study sites were prepared in advance for aerial-image acquisition with the installation of 
a network of ground control points (GCPs) to facilitate image georeferencing (Thieler and 
Danforth 1994; Hughes et al. 2006).  Testing conducted in a campus parking lot was used to help 
plan the imagery acquisition and site preparation, e.g., spacing of GCPs.  Initial installations at 
each site consisted of 15-17 GCPs along a ~200-m length of shoreline.  The GCPs were created 
by driving 2-m-long 7.5-cm-diameter aluminum core pipes into the ground to a depth of ~1 m 
and then affixing a red end cap for visibility.  Later in the study, temporary survey flags (50-60 
per site) were added to the existing control points because of GCP loss and to obtain better image 
rectification. 
During each site visit, GCPs were surveyed using a Trimble 5800 RTK (Real-time 
Kinematic) -GPS system prior to image acquisition (Fig. 3).  The shoreline position was also 
surveyed with the RTK-GPS (Fig. 3).  The Aerostat system was inflated and assembled in the 
field and deployed to a 60-75 m elevation using a manual Hannay Reel winch.  Total deployment 
time was between one and two hours per site.  Aerostat images were acquired with varying but 
substantial overlap, and the center of each image tile was used for the final mosaics in order to  
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Figure 3  Work-flow diagram for obtaining Aerostat imagery, image post-processing, shoreline 
position acquisition, and shoreline change analysis. 
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reduce edge distortion.  The primary limitation on Aerostat usage over the course of the study 
period was wind conditions.  Wind direction (on-shore versus off-shore) impacted spatial 
coverage as well as the potential for interference with obstacles such as trees.  Prior to 
deployment at each site wind conditions were assessed and a test flight conducted of the inflated 
balloon before attaching the camera platform (Fig. 3).  Optimal conditions were found to be 
steady winds at less than 8 m/s.  However, this was highly site dependent and the system was 
deployed in winds as high as 10-12 m/s along obstacle-free shorelines.  Aerostat image 
collection during two surveys at the Gull Rock site (Surveys 2 and 4) was not possible because 
of high, gusting, winds.   
Georeferencing of the images was conducted in ArcGIS 9.3.  GCPs and shoreline position 
data were downloaded from the RTK and processed using the Trimble Geomatics Office 
software.  The RTK base station position was adjusted using NOAA’s automated processing 
system, OPUS (Online Positioning User Service) with the “Static” (>2 hour record) option, and 
then GCPs were adjusted in ArcGIS 9.3 using the appropriate OPUS-generated offset.  The 
individual Aerostat images were imported as TIFs into ArcGIS and georeferenced using the 
built-in function with a second-order polynomial transformation (Fig. 3; Huges et al. 2006).  
Sufficient GCPs were available for individual images to allow the use of a third-order 
polynomial transformation or other transformations (i.e., spline or cubic), however due to the 
distribution of points these would result in excessive distortion and warping of the images 
between control points (Hughes et al. 2006).  Processed images were subsequently rectified 
using the Nearest Neighbor function, clipped to the shorezone region, and mosaicked in ArcGIS.  
While not done for this project, Aerostat acquired images could be further processed and 
orthorectified using RTK-GPS data.  In this study,    RTK-GPS derived shorelines were 
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primarily utilized as an independent data-set to ground-truth shoreline positions obtained from 
Aerostat imagery.  Shorelines were heads-up digitized on existing, recent orthophotos (obtained 
from Tyrrell and Hyde Counties via the Division of Coastal Management) and the mosaicked 
balloon images using the method of Geis and Bendell (2008; Fig. 4).  Orthophotos of Tyrrell and 
Hyde used in this study had a pixel size of 0.3 m (Table 1).  For visual comparison, the 
shorelines produced by the RTK-GPS surveys and digitized from the Aerostat imagery were 
plotted and initially analyzed in ArcGIS.  However, the full analysis of shoreline change was 
completed using the AMBUR (Analyzing Moving Boundaries Using R) package developed for 
R (Jackson et al. 2012).  The reported values for horizontal accuracy and pixel size were 
obtained from image metadata, published reports, or were calculated for the Aerostat using 
Equation 1. 
As stated in the objectives, one of the problems associated with resolving changes in 
shoreline position over short (sub-annual) time periods is the resolution and error associated with 
traditional airplane- or satellite-based imagery (Table 1).  To address this concern, the 
uncertainty (U) associated with determining shoreline position was calculated for all periods for 
each of the three methods (i.e., orthophotos, Aerostat images, and the RTK-GPS surveys) using 
the following equation (Crowell et al. 1991; Fletcher et al. 2003; Gentz et al. 2007; Cowart et al. 
2010): 
U=�𝑬𝒅
𝟐 + 𝑬𝒓𝟐 + 𝑬𝒈𝟐 + 𝑬𝒖𝟐     Equation 1 
 
where Ed is the digitization error, Er is the rectification error, Eg is the positional error of the 
RTK-GPS, and Eu is the uncertainty associated with walking the shoreline (determined by 
calculating the mean difference in shoreline position between repeated surveys at each site).  In  
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 Figure 4  The GRG site as seen in 2006 Hyde County orthophotos and Aerostat imagery.  A) 
Site location map; B) Hyde County orthophoto (2006) with the shoreline digitized, the white box 
denotes extent of part C; C) Aerostat image from 19 August 2010 overlain on the 2006 
orthophoto with the shoreline digitized (Survey 1).  Note the very high resolution of the Aerostat 
imagery in comparison to the underlying orthophoto. 
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Table 2  Shoreline-position uncertainty for each method calculated using Equation 1.  For the 
Aerostat, the error includes image georeferencing (Er), positional error for the GCPs (Eg), and 
digitizing error (Ed) based on a repeat digitization test.  For the RTK-GPS, the method error 
includes RTK positional error and user survey error (Eu; based on repeated surveys). For the 
aerial imagery, image rectification error (Er) and digitizing error (Ed) are included.  Note, 
Aerostat error was reduced later in the study when more GCPs were utilized. 
 
Site Survey Ortho 
(m) 
RTK-GPS 
Survey 
(m) 
Aerostat 
(m) 
Mean Difference in 
Shoreline Position 
(RTK – Aerostat)  
(m) 
PPP 
20 August 2010 2.5 0.4 0.4 0.5 ± 0.4 
08 October 2010 2.5 0.4 0.3 0.3 ± 0.2 
06 January 2011 2.5 0.4 0.2 1.6 ± 1.0 
05 March 2011 2.5 0.4 0.2 0.3 ± 0.3 
06 May 2011 2.5 0.4 0.2 0.2 ± 0.2 
GRG 
19 August 2010 2.5 0.4 1.0 0.6 ± 1.0 
22 December 2010 2.5 0.4 0.7 0.3 ± 0.7 
06 May 2011 2.5 0.4 0.2 0.2 ± 0.1 
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order to minimize user error in this study, a single researcher (Eulie) conducted the RTK-GPS 
surveys, coordinated the Aerostat image acquisition, and digitized all the imagery. 
 
3.0 Assessment 
Out of the techniques used, the highest uncertainty was associated with using the 
orthophotos due to their lower horizontal accuracy (± 2.4 m; Tables 1 and 2).  This was expected, 
as previously reported levels of error for orthophotos show a substantial range (e.g., 1.9-7.7 m 
from Cowart et al. 2010; Crowell et al. 1991).  The uncertainties associated with shoreline 
position for the Aerostat and RTK-GPS were comparable.  Overall, shoreline-position error from 
the Aerostat ranged from 0.2 m to 1.0 m, and the RTK-GPS had a 0.4 m uncertainty for all 
survey periods (Table 2).  However, after initial georeferencing issues were solved, the Aerostat 
generally provided more accurate shoreline positions; the mean uncertainties for both the 
Aerostat and RTK-GPS methods were 0.4 m (Table 2).  This could be further improved for the 
Aerostat through better spatial distribution of GCPs and orthorectification.  For the         
Aerostat-based mapping, the uncertainty included the RMSE (root-mean-square-error) of image 
rectification (Er), the positional error of the GCPs surveyed with the RTK-GPS (varied with 
survey period; Eg), and digitization error (0.2 m based on repeated digitization of the shoreline at 
each site; Ed).  The RTK-GPS uncertainty was primarily due to user error (i.e., walking 
variability), which was evaluated by repeat surveys during a single visit (Eu).  The error 
associated with GPS-position accuracy (Eg) was also included in the total RTK-GPS method 
error and varied with survey period but was less than 0.02 m for all surveys.  Positional dilution 
of precision (PDOP) was controlled through the use of threshold settings programed into the 
RTK-GPS that prevented point collection when PDOP exceeded 6.5.  Not surprisingly, for both 
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the Aerostat and RTK shoreline mapping methods, the “user” error (i.e., from digitizing or 
walking) represented the majority of the uncertainty in the shoreline position. 
The mean difference (or offset) in the shoreline position as determined from the Aerostat 
and RTK-GPS methods at both sites was generally minimal and ranged from 0.2 to 1.6 m over 
the study (Table 2) with an average difference of 0.5 ± 0.5 m.  At the GRG site, the difference 
was highest during the initial survey and decreased over time as Aerostat rectification was 
improved with the addition of more GCPs (Table 2).  The initial installation of GCPs at each site 
resulted in 4-7 points per image, but by the last survey period, a total of 10-15 points per single 
(~ 500 m2) image was used.  At the PPP site, the difference between the Aerostat and RTK-GPS 
shorelines was highest during the 6 January 2011 survey, but exhibited a decreasing trend for the 
following survey periods (Table 2).  The large offset in January 2011 is attributed to a wind shift 
that resulted in a water-level change and a relatively long elapsed time between the RTK-GPS 
survey and Aerostat image acquisition (almost 4 hours instead of the typical 1-2).  The smallest 
difference in shoreline position (0.2 ± 0.2 m) was measured at the PPP site during the last survey 
period (06 May 2011; Table 2).  Despite the reported differences in shoreline position for each 
methodology, a student T-test determined that there was no significant difference (at p=0.05) in 
the shoreline position determine by the two methods.  This highlights that both approaches can 
be used to generate a similarly accurate shoreline.  However, as the RTK-GPS is required to 
precisely survey the GCPs for the Aerostat method and because it has the advantage that it is not 
restricted by wind conditions, this technology is essential for high-resolution shoreline studies.  
But because the Aerostat provides an invaluable spatial perspective, it is most optimal to use 
both methods concurrently to acquire the best quality data and perspective on coastal changes. 
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The shoreline change rates (SCRs) for each site and period can be compared to the 
calculated uncertainty to determine if the average rates (along a stretch of shoreline) exceed the 
methodological error and therefore may be viewed as real rates of change.  On average for the 
PPP site, the shoreline change was greater than the calculated uncertainty range for both the 
Aerostat and RTK-GPS methods (Table 3 versus Table 2).  However, at the GRG site, where the 
calculated rates of shoreline change were less (-0.03 to -5.1 m/yr), the uncertainty was not 
always exceeded.  Nevertheless, at both sites during most periods, substantial portions of the 
studied shoreline showed change well beyond the estimated error, indicating significant shoreline 
dynamics over short time periods. 
 
4.0 Discussion 
The data reveal how the shoreline at each site exhibited different behavior over time 
(Table 3), and this likely reflects a combination of the composition of the shoreline and its 
processes.  Difference in the composition of the shoreline was reflected in the behavior of the 
two study sites.  The PPP site was predominantly a sandy sediment bank shoreline while the 
GRG site is a peaty marsh platform.  Less variability in shoreline position was observed at the 
GRG site.  The smallest measured average change (-0.3 m/yr from the Aerostat) occurred at the 
GRG site between December 2010 and May 2011 (Table 3).  The greatest variability in shoreline 
position over the study period was measured at the PPP site.  In fact, the greatest annualized rate 
of change (-31.5 m/yr) for the study occurred at PPP between August and October of 2010 
(Table 3; Fig. 5: Surveys 1 and 2).  Yet overall, the mean SCR at the PPP site was positive     
(i.e., indicative of accretion), unlike the GRG area, and this was likely driven by differences in 
shoreline type. 
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Table 3  Shoreline change rates (SCR) calculated from the RTK-GPS survey method and the 
Aerostat method at two sites.  The SCRs in bold type represent the net change over the course of 
the study.  A positive value is net accretion, while negative values refer to net erosion. 
 
Site Survey Period Mean Shoreline Change Rate 
(m/yr) 
RTK Aerostat 
PPP 
20 Aug 2010 to 08 Oct 2010 -31.3 -31.5 
08 Oct 2010 to 06 Jan 2011 27.4 21.6 
06 Jan 2011 to 05 Mar 2011 -11.9 -2.5 
06 Mar 2011 to 06 May 2011 -5.2 -4.8 
20 Aug 2010 to 06 May 2011 0.3 0.2 
GRG 
19 Aug 2010 to 22 Dec 2010 -3.8 -5.1 
22 Dec 2010 to 06 May 2011 0.1 -0.3 
19 Aug 2010 to 06 May 2011 -1.6 -2.6 
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 Figure 5  Aerostat images and digitized shorelines for all five surveys conducted at PPP from 
August 2010 to May 2011.  Images are at an identical spatial scale, and the black star represents 
a common geographic point.  The final panel shows all five shorelines on the May 2011 (Survey 
5) images.  The time series highlights significant variability in shoreline position due to sediment 
redistribution on this generally erosive coastline. 
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Previous research has suggested that marsh shorelines are better able to resist erosion, 
while unconsolidated sandy shorelines are more prone to reworking by waves (Riggs and Ames, 
2003; Cowart et al., 2011).  The timeseries of images for the PPP site shown in Figure 5 clearly 
illustrates the highly mobile nature of the sandy sediment at this location.  Along with shoreline 
type, wave energy has also been recognized to impact SCR (Schwimmer 2001; Riggs and Ames 
2003; Cowart et al. 2011).  For example, in the nearby Neuse River estuary (also a part of the 
APES), Cowart et al. (2011) determined an empirical relationship between exposure to wave 
energy and shoreline change.  While not directly investigated in this study, the Aerostat imagery 
indicate the PPP site was likely responding to wave climate variations, in a manner similar to 
profile changes observed on oceanfront sandy beaches (Aubrey 1979; Larson and Kraus 1994).  
For example, dramatic sand removal was observed between August 2010 and October 2010       
(-31.5 m/yr; Table 3) at the PPP site when Hurricane Earl influenced the coast.  Large waves 
created by this event probably moved sand off shore.  Following this period of removal, massive 
accretion was measured (21.6 m/yr; Table 3), probably reflecting a return of these sediments.  As 
both the PPP and GRG sites are immediately adjacent to the open waters of the Albemarle and 
Pamlico Sounds, it might be expected that both experience similarly high wave energy and 
therefore shoreline change, but different responses may be related to their orientation.  However, 
shoreline composition is also likely to have an important influence. 
Along with the ability to obtain high-frequency observations, the high resolution of 
Aerostat imagery provides very useful information on the environmental context.  The larger 
pixel size of the orthophotos is unable to resolve small-scale (sub-meter) shorezone features such 
as the remnants of peat deposits, fallen trees, stumps, wrack, bulkheads or other natural or man-
made features that can affect shoreline response.  But, such features are clearly visible on the 
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Aerostat images (Figs. 5 and 6).  To a limited extent, other contextual information such as local 
turbidity and nearshore bathymetry can also be discerned from the Aerostat imagery.  The 
visibility of subaqueous features, such as submerged tree stumps and relict peat, depends on 
water level and water clarity on a given day.   
A limitation of the RTK-GPS shoreline mapping is that the context of measured shoreline 
change cannot be determined, and as a result it may be difficult to discern an interpreted 
shoreline change because of water-level variability from actual change caused by sediment 
dynamics.  Fortunately, shoreline features identified in balloon imagery can aid the interpretation 
of along-shore variations in SCR at different sites.  For example, at the PPP site some of the 
shoreline segments that exhibited the least variation in shoreline position over the course of the 
study were located along areas with more stable fringing vegetation (Fig. 6A), while the least 
complex (i.e., most linear) and greatest variation in shore position was associated with gently 
sloped, un-vegetated, sandy beach (Fig. 6B). Another factor to consider is that massive 
redistribution of sediments along estuarine coastlines (e.g., that noted in Figs. 5 and 6B) can 
potentially have important effects on ecosystem processes (e.g., marsh and SAV dynamics).  
Consequently, an aerial perspective, such as that provided by the Aerostat, gives great insight 
into nature of measured changes.  The system can also provide oblique imagery that would be 
valuable where vegetation obscures the shoreline in more traditional aerial photographs.  
Depending on the type of camera there is also the potential for capturing high-definition video.  
The camera platform can also be modified to carry additional sensors or sampling equipment 
provided it does not exceed the weight limit for the balloon.  Possible additions (or in place of 
the camera) could include altimeters, near-infrared (NIR) or multispectral (MSI) cameras, video 
recorders, and other light instrumentation. 
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Figure 6  The PPP site with RTK-GPS survey shorelines from periods one, three, and five.  A) A 
shoreline segment composed of fringing marsh, relict peat, and tree roots.  B) A shoreline 
segment composed of un-vegetated, sandy sediment.  Note the differing responses for the two 
different types of shoreline. 
 
 
 
 
 
 
 
   
48 
 
From this study it is evident that the shorezone context provided by balloon imagery 
provides invaluable information that can be used to explore the process and drivers of shoreline 
change in greater detail and that the shoreline of the Albemarle-Pamlico estuarine system is 
complex in time and space. 
 
5.0 Summary 
 High-resolution aerial photography such as the Aerostat utilized in this study provides 
valuable imagery that, when paired with RTK-GPS measurements, can be used to examine 
changes in the shorezone over sub-annual timescales.  The Aerostat can be used to accurately 
map the shoreline position and, in some cases, provides better accuracy than the RTK-GPS 
mapped shoreline alone.  However, RTK-GPS is required to give precise GCP positions for 
accurate balloon image georectification.  Ultimately, these two methods are best utilized together 
to obtain the highest possible accuracy, resolution, and insight into a coastal shoreline.  The 
greatest value in imaging systems, such as the Aerostat, is that they provide a much needed 
birds-eye perspective on shoreline change and are a lower-cost, high-quality solution to 
obtaining high-frequency observations.  The imagery creates a snapshot of the shorezone 
environment, including natural and man-made features, and can provide a useful environmental 
context for field observations.  As demonstrated in the analysis here, parts of the shoreline of the 
Albemarle-Pamlico estuarine system are quite dynamic, and their change is likely influenced by 
shoreline composition and processes.  In this manner and in conjunction with other 
measurements, this methodology can greatly aid understanding of the processes of shoreline 
change and presents a lower-cost, high-quality solution to obtaining high-frequency 
observations.
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CHAPTER 3 
 
 
 
Temporal and Spatial Dynamics of Estuarine Shoreline Change in the Albemarle-Pamlico 
Estuarine System, North Carolina, USA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
 A majority of shoreline studies rely on historical change rates to predict shoreline 
position and determine set-back distances for coastal structures.  They do not provide insight into 
finer-scale spatial variability or short-term variability in shoreline position from seasonal or 
episodic processes and most often focus on ocean front shorelines.  In this study, shoreline 
change rates (SCRs) were quantified at five different sites ranging from marsh to sediment-bank 
shorelines around the Albemarle-Pamlico Estuarine System (APES) for a series of historical and 
sub-annual time periods, as well as individual storm events.  Historical (fifty-year) rates of 
approximately -0.5 ± 0.07 m yr-1 were observed which is consistent with previous work along 
estuarine shorelines in North Carolina.  Short-term (sub-annual) rates of shoreline change were 
highly variable, both spatially and temporally. Meteorological observations and coupled 
hydrodynamic-wave models using Delft3D and SWAN were utilized to examine hourly 
variability in the wave climate at the study sites.  In the fetch-limited APES, wind direction was 
found to strongly influence wave climate at the study sites, and subsequently, shoreline change 
over short time periods.  Despite the significantly higher rates of shoreline erosion from 
individual events like hurricanes, the mean SCR at the sites for these sub-annual eras was found 
to fall within the 95% confidence band when plotted in a linear regression model with historical 
shoreline positions.  While the short-term response of these shorelines to episodic forcing should 
be taken into account in management plans, the long-term (historical and decadal) trends that are 
commonly used in ocean shoreline management can be used to determine erosion set-backs on 
estuarine shorelines. 
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1.0 Introduction 
Estuarine shorelines are dynamic coastal features that are naturally shaped by a 
combination of hydrodynamic and biogeomorphic processes (Camfield and Morang 1996; 
Komar 1983; Roman and Nordstrom 1996; Phillips et al. 2006; Riggs and Ames 2004).  
Processes such as sea-level change, tectonic activity, tides, waves, and coastal storms can operate 
on varying temporal and spatial scales to influence the location of the shoreline and its 
morphology (Bellis et al. 1975; Camfield and Morang 1996; Esteves et al. 2006; List et al. 2006; 
Pajak and Leatherman 2002; Zhang et al. 2002).  Changes in shoreline position over smaller 
spatial scales (e.g., 1 m to 10 km) and time scales ranging from hours to decades are primarily a 
function of hydrodynamic processes, human activities, sediment supply, and shoreline 
composition (Ali 2010; Bellis et al. 1975; Camfield and Morang 1996; French 2001; Jackson and 
Nordstrom 1993; Phillips 1986; Riggs and Ames 2003).  These fluctuations in shore position 
occur over timescales that, while often considered historical when compared to timescales for 
human activity, are relatively recent in terms of geologic processes.  However, they may also be 
rapid and operate on both temporal and spatial scales that intersect with coastal development and 
the functioning and use of coastal ecosystems (French 2001). 
Shoreline change data is becoming more available to both the public and coastal 
managers and is primarily to help identify areas and structures at risk to erosion (Douglas et al. 
1998; NRC 1990).  Studies of oceanfront shoreline change are numerous, and historical or “long-
term” rates of erosion are commonly used by managers to determine building set-back 
regulations in state coastal management plans (CMPs; Crowell et al. 1993; Douglas et al. 1998).  
Rates of estuarine shoreline change have been less studied and few states have set-back 
regulations that incorporate projected shoreline loss (NRC 2007).  However, these complex 
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shorelines represent some of the most ecologically productive coastal habitats.  In particular, 
wetlands are a critical habitat and there is concern regarding their potential loss.  Studies also 
indicate that the rate of erosion along estuarine shorelines can exceed that of oceanfront shores 
(Corbett et al. 2008; Cowart et al. 2011; NRC 2007; Rosen 1967; Stevenson and Kearney 1996; 
Stirewalt and Ingram 1974).   In North Carolina, there is about 20,000 km of estuarine shoreline 
compared to approximately 520 kilometers of oceanfront beaches (McVerry 2012).  This 
includes 16,945 km of estuarine wetlands (marshes and riparian swamps; McVerry 2012).  
Previous studies have observed rates of change along estuarine shorelines of North Carolina 
from -0.5 m yr-1 to over -3.0 m yr-1 (Bellis et al. 1975; Cowart et al. 2011; Riggs and Ames 2003; 
Stirewalt and Ingram 1974).  In the Neuse River sub-estuary, a tributary of Pamlico Sound, 
Cowart et al. (2011) observed a mean rate of shoreline change on the order of -0.6 m yr-1. 
    Historical (>60 years) shoreline change rates provides an average picture of long-term 
coastal change, for management purposes, while minimizing the uncertainty associated with 
mapping methods (Crowell et al. 1993; Fletcher et al. 2003).   However, these historical rates 
imply that the annual rate of change is constant.  Set-backs or management plans based on these 
rates may not account for large, episodic events such as storms or seasonal variation in the 
shorezone position, both of which can be significant in terms of erosion (Crowell et al. 1993; 
Douglas et al. 1998; Douglas and Crowell 2000; List et al. 2006).  These plans often also apply a 
mean rate of change to long stretches of coastline and commonly do not take into account fine-
scale spatial variability.  Differences in fetch, nearshore bathymetry, and shoreline morphology 
have all been shown to influence the rate of change (Cowart et al. 2011; Hardaway 1980; Phillips 
1986; Rosen 1980; Schwimmer 2001; Stevenson and Kearney 1996; Wilcock et al. 1998). 
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 The objective of this study is to examine shoreline change over a range of temporal and 
spatial scales to investigate: 1) controls on spatial and temporal variability in shoreline position, 
and 2) the contribution of episodic storm events to rates of shoreline change.  This was 
accomplished by field surveys using Real-time kinematic (RTK) GPS and balloon-aerial 
photography, heads-up digitizing of historical shorelines, and a coupled hydrodynamic and wave 
model. 
 
2.0 Site Description 
A total of five sites around the Albemarle-Pamlico Estuarine System (APES) were 
chosen based on shoreline characteristics, accessibility, and location (Fig. 1).  All five sites were 
located in estuarine locations and within the boundaries of parklands, wildlife refuges, and 
preserves with no nearby coastal structures that might influence shoreline changes.  The sites 
encompass a range of shoreline types, shore morphologies, land cover, and exposure to waves.  
Two sites were located on back-barrier shorelines, while the other three sites were located along 
the mainland estuarine coast. 
The first mainland site, in Goose Creek State Park (GCP), is located on the north shore of 
the Tar-Pamlico estuary in Beaufort County (Fig. 1).  This site consists of a sandy, low-sediment 
bank shoreline with fringing grasses, isolated pockets of marsh, and some trees.  The adjacent 
nearshore is shallow (<1 m) and large mobile sand shoals were present at times during the study.  
This site also had the most limited fetch due to estuary geometry (Fig. 1).  The second mainland 
site, Gull Rock Gamelands (GRG), is located on Pamlico Sound in Hyde County (Fig. 1).  This 
has a marsh shoreline characterized by a sharp subaqueous vertical scarp (generally <1 m) and an  
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 Figure 1  Map of locations utilized in this study.  The full name for each site and abbreviated site 
initials are provided.  The five shoreline sites are denoted by the squares (GCP, GRG, KHW, 
OCR, and PPP).  The two sites used in the wave model validation are CP and PCS, and the 
source of wind data for the 2010-2011 period is station KMQI. 
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erosional morphology with extensive cleft-and-neck formations, undercutting, and pocket 
beaches analogous to that described by Schwimmer et al. (2001).  The site is also backed by a 
man-made canal system.  The third mainland site is the Palmetto-Peartree Preserve (PPP), which 
lies on Albemarle Sound in Tyrrell County (Fig. 1).  This site consists of a sediment bank and 
swamp forest shoreline characterized by scattered woody debris, tree stumps, and some fringing 
grasses.  Marshes are present in isolated pockets sheltered by large cypress trees and remnants of 
larger peat deposits.  The adjacent nearshore is shallow (<1.5 m) and covered largely with sandy 
sediments and littered with woody debris. 
The first of the two back-barrier sites is in the Kitty Hawk Woods Estuarine Research 
Reserve (KHW), located just south of the Wright Memorial Bridge connecting the Northern 
Outer Banks to Currituck County, NC (Fig. 1).  The shoreline consists of alternating marsh 
platforms and pocket beaches that lie along a wooded coast.  The marsh platforms stand 0.25 - 
0.5 m higher in elevation than the adjacent beaches and are bounded at the water’s edge by a 
vertical scarp.  Locally, patches of marsh grass and peat are seen just offshore surrounded by 
shallow, sandy shoals.  The second back-barrier site is on Ocracoke Island (OCR), just north of 
Ocracoke Village (Fig. 1).  The site consists of two distinct sections, one dominated by sandy 
sediments and a gentle slope with less dense stands of marsh grasses.  The other section is salt 
marsh with a subaqueous scarp of 20–30 cm and bisected by wide (5 to 10 meters across), 
shallow, tidal creeks with a sandy bottom. 
This research will focus in more detail on the GCP, GRG, and PPP sites.  These sites 
were chosen for their contrasting morphology, fetch limitation, and shoreline type.  The GRG 
and PPP sites have opposite shoreline orientations (southeast-facing and north-facing, 
respectively), and represent the two most common shoreline types within the APES, marsh and 
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sediment bank.  These sites are also exposed to some of the greatest fetches.  The GCP site, in 
contrast, is the most fetch-limited of all the study sites and represents a mix of shoreline types. 
 
3.0 Methods 
3.1 Shoreline Mapping 
Shoreline position was mapped at the five study sites over historical and sub-annual time 
periods.  Table 1 lists the dates and properties of shoreline position data for each time period, 
hereafter referred to as ‘eras’.  Historical (fifty-year and decadal) eras are designated by an 'H', 
intermediate eras (less than 5 years) are designated by an 'I', and sub-annual eras by an 'S' (Table 
1).  The historical shoreline eras were digitized from aerial photos and the sub-annual eras were 
obtained from a series of in-situ surveys that were conducted every two months from June 2010 
to May 2011.  Due to technical and logistical difficulties, the timing and duration of the sub-
annual S1 and S2 eras at the OCR site do not match the rest of the study site eras. 
At each site approximately five kilometers of shoreline from historical aerial photos were 
digitized using the method of Geis and Bendell (2008).  Aerial photos from the 1950s and 1982 
were obtained from a U.S. Department of Agriculture (USDA) repository and the U.S. 
Geological Survey (USGS) online portal.  Digital Orthophoto Quarter Quadrangle (DOQQs) 
Images for 1993 and 1998 were obtained from the North Carolina Department of Transportation 
(NCDOT) GIS portal.  The most recent shoreline (digitized using aerial images) used 2006 or 
2007 county photos, depending-on availability, and was completed as part of a larger shoreline 
mapping project for the North Carolina Division of Coastal Management (NCDCM).  The 1950s 
and 1982 tagged-image-formatted (tif) images were imported into ArcGIS 9.3.1 and 
georeferenced with ground-control-points (a minimum of 9) from the 1998 DOQQ and  
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Table 1  Shoreline measurement dates and properties.  Historical shoreline periods are 
designated by an ‘H’, an intermediate time period with ‘I’, and the bi-monthly surveys with an 
‘S’ to indicate sub-annual. 
 
 Eras Shoreline Dates Mean Total Era 
Uncertainty (m/yr) 
 
Historical 
Eras (H) 
50yr 1950’s – 2006/2007 0.1 
H1 1950’s – 1982 0.2 
H2 1982 – 1993 0.8 
H3 1993 – 1998 2.2 
H4 1998 – 2006/2007 0.9 
Intermediate Era (I) I 2006/2007 – June 2010 0.7 
 
Sub-annual 
Eras (S) 
S June 2010 – May 2011 0.6 
S1 June 2010 – Aug 2010 3.6 
S2 Aug 2010 – Oct 2010 3.1 
S3 Oct 2010 – Jan 2011 2.5 
S4 Jan 2011 – Mar 2011 2.9 
S5 Mar 2011 – May 2011 3.1 
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2006/2006 county images using a second-order polynomial transformation.  The average root-
mean-square-error (RMSE) for all of the georeferenced images (averaged across all image tiles) 
was 1.7 m. 
In-situ measurements of shoreline position at the study sites were collected every two 
months from June 2010 to May 2011.  During each site visit the shoreline position was surveyed 
using a Trimble 5800 RTK-GPS system along a one-kilometer stretch of shoreline.  The location 
of the shoreline was determined by the same criteria used in digitizing the historical shoreline 
positions, using the wet/dry line, the edge of the marsh platform, or the line of stable vegetation 
depending on the character of the shore (Geis and Bendell 2008).  The RTK-GPS base station 
position was post-processed using the National Oceanic and Atmospheric Administration’s 
(NOAA) automated processing system, OPUS (Online Positioning User Service).  The data was 
processed with the ‘Static’ (>2 hour record) option and then shoreline points were re-projected 
using the OPUS-generated base station coordinates.  The final shoreline position points were 
used for the calculation of shoreline change rates. 
 
3.2 Shoreline Change Rate and Uncertainty 
Calculations of shoreline change obtained from the different methods were completed using 
the AMBUR (Analyzing Moving Boundaries Using R) package (Jackson et al. 2012).  Within 
this software the end-point method was used to measure change in the shoreline position over the 
eras of this study.  A double-baseline method is used by AMBUR to create transects for 
calculating change across the shoreline envelope (Jackson et al. 2012).  These were created in 
ArcGIS 9.3.1 by buffering the inner- and outer-most shorelines (buffer distances based on 
geometry and width of the shoreline envelope for each set of historical and sub-annual eras.   
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Shoreline transects were placed at 1-meter-intervals along the double-baseline at each site.  
While testing at two of the sites indicated coarser transect spacing of 5, 10, 25, and 50 meters 
would result in mean site SCRs that were not significantly different, the fine-scale of 1 meter 
transect spacing was deemed more appropriate for examining intra-site variability. 
The uncertainty (Ut) associated with the annualized SCR for each era was calculated for each 
of the three methods (i.e., orthophotos, Aerostat images, and the RTK-GPS surveys) using the 
following equations (Cowart et al. 2010; Crowell et al. 1993; Eulie et al. 2013; Fletcher et al. 
2003; Gentz et al. 2007): 
 
U=�𝑬𝒅
𝟐 + 𝑬𝒓𝟐 + 𝑬𝒈𝟐 + 𝑬𝒖𝟐      Equation 1 
 
where Ed is the digitizing error, Er is the image rectification error, Eg is the RTK-GPS instrument 
measurement error, and Eu is the uncertainty associated with surveying the shoreline (as 
determined by calculating the mean difference in shoreline position from repeated surveys at 
each site).  The error for each individual shoreline survey (Uti) where i represents a particular era 
was used to determine the annualized uncertainty (Ut) for each era by: 
 
Ut = 
�U𝒕𝟏
𝟐 +U𝒕𝟐
𝟐  
𝑻
     Equation 2 
 
where T is the total length of time included in the era (Anders and Byrnes 1991; Crowell et al. 
1993; Fletcher et al. 2003).  The mean Ut for each era is reported in Table 2.  Individual Ut 
values will be provided for each shoreline change rate. Calculating the total uncertainty 
associated with reported shoreline change rates provides a measure of confidence for the data 
(Crowell et al. 1993; Moore 2000).   This mean Ut is foremost dependent on the error associated  
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Table 2  Calculated (using Eq.1) values for total uncertainty (Ut) for each type of aerial image or 
method utilized in this study. 
 
Method Horizontal Uncertainty (m) 
1950’s images +/- 3.0 
1982 images +/- 2.9 
1 m 1993 and 1998 DOQQs +/- 7.7 
0.3 m 2006/2007 orthophotos +/- 2.4 
Aerostat images +/- 0.4 
RTK-GPS +/- 0.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
with each set of imagery and the length of time over which it is annualized (Crowell et al. 1993).  
As is seen in shoreline change time-series data, the longer the time frames of the data, the lower 
the annualized error or uncertainty typically (Crowell et al. 1993; Fletcher et al. 2003).  For 
comparison, a Ut determined by Cowart et al. (2010) for a forty-year-era of shoreline change at 
Cedar Island, North Carolina, was found to be very close to the fifty-year-era Ut for this study 
(0.05 m yr-1 and 0.07 m yr-1, respectively).  The difference between these specific Ut values was 
due to the image rectification error (Er), for the oldest photographs. 
 
3.3 Balloon-based Aerial Imagery 
A balloon-photography system (hereafter referred to as the Aerostat) was used to acquire 
high-resolution, high-frequency imagery.  The imagery provided additional environmental 
observations to be used with the shoreline surveys.  The Aerostat system consists of a 
polyurethane helium balloon designed to carry a remote-controlled gimbal mount that holds a 
digital SLR camera.  The camera used in this study was a Canon Rebel T2i 18 megapixel with an 
EF-S 18-55 mm lens.  A series of ground control points (GCPs) were installed and surveyed by 
RTK-GPS for accurate georeferencing.  Initially, a total of 15-17 GCPs were installed at each of 
the study sites.  To improve georeferencing, temporary survey flags (50-60 per site) were added 
to the existing control points.  Georeferencing of the Aerostat images was conducted in ArcGIS 
9.3.1.  Additional details on this method can be obtained from Eulie et al. (2013). 
 
3.4 Meteorological Observations 
 Observations of wind speed and direction were obtained for the sub-annual eras from the 
State Climate Office of North Carolina, at North Carolina State University, using their data 
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request service.  Hourly observations for the 2010-2011 sub-annual eras were obtained from 
station KMQI (Manteo, NC; Fig. 1).  Wind records for wave model validation were also obtained 
from the Cherry Point Marine Corps Air Station (MCAS) and station KHSE (Cape Hatteras; Fig. 
1).  All wind speed observations are reported in m s-1 and wind direction in the nautical 
convention (from direction) as degrees from geographic North.  The wind record from station 
KMQI was filtered to remove hours where no data was available.  Table 3 summarizes the 
percent of time there is no hourly wind data per sub-annual era for the GRG and PPP sites, with 
the greatest amount of missing data in late December 2010 to early January 2011.  During this 
period entire days of the wind record were unavailable.  This time period occurred during the S3 
and S4 sub-annual eras (Table 2). 
 
3.5 Wave Modeling 
 The numerical model Delft3D (Lesser et al. 2004) was used to simulate water level 
elevations in the APES for specific wind events during the sub-annual shoreline change eras.  
The model consists of a series of modules that can be utilized individually or coupled to simulate 
current flow, waves, sediment transport, and other parameters in shallow coastal or inland waters 
(Deltares 2011; Lesser et al. 2004).  This study utilized the coupled Delft3D FLOW model for 
hydrodynamics and the SWAN (Simulating WAves Nearshore) WAVE model to simulate the 
surface waves (Booij et al. 1999; Ris et al. 1999).  SWAN is a third-generation, spectral wave 
model based on the action balance equation. The model has been applied to the APES system by 
Mulligan et al. (2014) for simulating the waves and hydrodynamics of Hurricane Irene that 
impacted the study sites in August 2011, and used a computational grid in spherical coordinates 
that was developed for the study.   
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Table 3  The percent of time (hourly) per era that there is no wind data available for the GRG 
and PPP sites.  Percentages calculated using the number of hours of available wind data and the 
total number of hours in each era.  The majority of hours where wind data was unavailable 
occurred between December 2010 and January 2011. 
 
Eras Percent Time No Wind Data 
GRG PPP 
S1 6.0 % 5.6 % 
S2 10.7 % 11.4 % 
S3 11.5 % 17.0 % 
S4 22.4 % 19.0 % 
S5 5.3 % 5.5% 
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The grid had a horizontal resolution of 250 m and was based on bathymetric data from 
NOAA.  The model was initially set-up using hydrodynamic constants (e.g., bottom roughness, 
eddy viscosity) and wave parameters (e.g., bottom friction, whitecapping, wave breaking,) 
determined from previous testing by Mulligan et al. (2014) in the APES system.  Sensitivity tests 
for bottom roughness, bottom friction, and spectral resolution were completed and the model 
results were calibrated to best match wave observations at Carolina Pines (CP) in the Neuse 
River Sub-estuary and at site PCS in the Tar-Pamlico sub-estuary (locations in Fig. 1).  Wave 
observations were collected at the CP site using a Nortek Aquadopp that sampled at a frequency 
of 2 Hz in September, 2005, and at the PCS site using a Nortek Vector that sampled at a 
frequency of 8 Hz in August 201l.  All simulations were run using a 1 minute time step with 
wave computations and FLOW-WAVE module coupling every 60 minutes.  A spatially uniform 
wind-field produced with observations from the nearby Cherry Point MCAS station was used to 
force the model. The model validation at CP and PCS are shown in Fig. 2, indicating good 
agreement with spectral estimates of the significant wave height (Hs) and peak period (Tp) during 
the storm events. 
After model validation was completed a series of simulations were run for three 
meteorological events during a period of high shoreline erosion (S2 era) in order to gain an 
understanding of the wave energy at the mainland study sites (GCP, GRG, PPP) during this era 
of high erosion.  The first event was the passage of Hurricane Earl offshore of the NC coast in 
early September (Sept. 2-3, 2010) with wind speeds of up to 17 m s-1 measured at the KMQI 
station.  Event 1 and Event 2 were frontal storms with wind speeds of >6.0 m s-1 that occurred 
during Sept. 16-17, 2010 and Sept. 27 - Oct. 4, 2010.  Wind speeds of <6.0 m s-1 have been  
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Figure 2  Comparison of wave observations and model results.  At the CP site for Hurricane 
Ophelia, Sept. 14-16, 2005; A) significant wave height; B) peak wave period.  At the PCS site 
for Hurricane Irene, Aug. 26-28, 2011; C) significant wave height; D) peak wave period. 
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shown in other fetch-limited systems to result in relatively low wave conditions (< 0.2 m)and 
were not included in these simulations (Jackson et al. 2002; Pierce 2004). 
A fourth simulation was run to examine the distribution of wave energy at the sites for all 
of the sub-annual eras.  This was accomplished by creating a wind record that used wind speeds 
in bins of 2 m s-1 ranging from 6 m s-1 to 30 m s-1 for each of the eight cardinal and ordinal 
compass directions (e.g., North, North Northeast, Northeast).  This simulation will hereafter be 
referred to as the 'wind ramp'.  The results for this simulation were then matched to the actual 
335-day long wind record for the entire sub-annual period (June 2010-May 2011). 
 
3.6 Statistical Analysis 
 Descriptive statistics and tests were calculated using the MINITAB software package.  
Analysis of variance (ANOVA) tests were conducted at a 95% confidence interval and a 
significance level of p ≤ 0.05.  Post-hoc testing used Tukey’s Honestly-Significant-Difference 
(HSD) test to determine significant differences between sites and eras. 
 
4.0 Results 
4.1 Historical Shoreline Change 
 Over the fifty-year era, all of the study sites exhibited erosion and at a rate that exceeded 
the calculated mean uncertainty of ± 0.1 m yr-1 (Table 1 and Fig. 3).  Four of the sites, GCP, 
GRG, OCR, and PPP had rates of change of approximately -0.5 m yr-1 (-0.5 ± 0.3, -0.5 ± 0.5, -
0.6 ± 1.2, and -0.5 ± 0.5 m yr-1, respectively).  In contrast, the KHW site showed significantly 
less erosion with an SCR of only -0.3 ± 0.3 m yr-1 for the fifty-year-era.  In pairwise comparisons  
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 Figure 3  Mean historical shoreline change rates (SCRs) for all of the study sites, for all 
historical time intervals (eras; see Table 1), with error bars representing one standard deviation.  
Negative SCRs are indicative of erosion and positive SCRs indicate accretion. 
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the OCR site had a significantly greater rate of erosion than all but the GCP site, but it also had 
the greatest variability with a standard deviation of ±1.2 (Fig. 3). 
 Rates of shoreline change were also examined over the following individual eras within 
the fifty-year period; a multi-decadal era of approximately thirty-years (H1), two individual 
decades (H2 and H4), and a five-year era (H3).  The dates for each of these eras and their 
calculated uncertainty (Ut) are reported in Table 1.  Overall, SCRs for the H1-H4 eras were 
highly variable, by era and site.  There were no clear trends of either accelerated erosion or 
accretion at the individual sites over the eras (Fig. 3).  Rates of change were most consistent at 
the GRG site over all of the eras and only ranged from -0.4 ± 0.5 to -0.8 ± 0.8 m yr-1 (Fig. 3B).  
In contrast, the PPP site exhibited some of the greatest variability (-0.1 ± 0.6 to -1.8 ± 1.1 m yr-1) 
and the OCR site had the greatest era (H3) of accretion (0.7 ± 1.2 m yr-1; Figs. 3D and 3E). 
During the H1 era (1950’s to 1982), all of the sites exhibited erosion, however rates were 
highly variable and all were significantly different (Fig. 3).  The GCP, GRG, and OCR sites had 
rates of change that exceeded the uncertainty of ±0.2 m yr-1, -0.6 ± 0.4, -0.4 ± 0.5, and -0.7 ± 2.0 
m yr-1, respectively.  However, the KHW and PPP sites had minimal erosion that was well within 
the error, indicating little average change at either location (Fig. 3C and 3D).  For the H2 era, all 
of the sites exhibited rates of change that exceeded the long-term (fifty-year) average SCR, but 
were within the Ut for this era (H2), with the exception of the PPP site; the PPP site which had an 
SCR of -1.1 ± 0.5 m yr-1. 
 During the H3 era (1993-1998) rates of shoreline change were variable and included the 
only positive SCRs during the fifty-year period.  SCRs of approximately -0.5 m yr-1 were again 
observed at the GCP and GRG sites (-0.4 ± 1.0 and -0.6 ± 1.1 m yr-1, respectively).  However, 
the SCR at site PPP was significantly higher than the fifty-year average and represented the 
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greatest erosion rate observed during all of the historical eras of -1.8 ± 1.1 m yr-1 (Fig. 3E).  In 
contrast, the two back-barrier sites, KHW and OCR, both exhibited mean accretion.  However, 
the Ut for this period is the greatest of all the historical eras due to the short time span and high 
error associated with the aerial imagery.  Therefore, it is likely that only the high rate at the PPP 
site reflects a stastically measurable average change.  The most recent historical era of 
approximately a decade (1998-2006/2007, H4) was also highly variable by site, but all sites 
exhibited erosion and were significantly different, ranging from -0.03 ± 0.5 to -1.0 ± 0.9 m yr-1 
(Fig. 3).  As with the H3 era, only the SCR at one site, this time KHW (-1.0 ± 0.9 m yr-1) 
appeared to be measurable change beyond the annualized error. 
 
4.2 Intermediate Shoreline Change 
 Modern shoreline position since the last (H4) historical era (measured using RTK-GPS) 
is used to determine the intermediate era (I) and for net sub-annual change (S; Table 1).  During 
the intermediate era (I), SCRs were variable between sites and displayed a similar trend to the 
H3 era (Fig. 3).  The GCP, GRG, and PPP sites had higher rates of erosion that exceeded the 
error of ± 0.7 m yr-1, while sites KHW and OCR exhibited minimal change that was well within 
error (Fig. 3).  Over the five sub-annual eras (June 2010 to May 2011), net shoreline change was 
erosional at the GRG, KHW, PPP, and OCR sites and accretionary at the GCP site (S1-S5; Fig. 
3).  However, only the 1.2 ± 1.4 m yr-1 change at the GCP site exceeded the ± 0.6 m yr-1 
uncertainty for the era (Table 1; Fig. 3).  However, there was significant variability between sites 
and eras over the approximately one-year period. 
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4.3 Sub-annual Shoreline Change 
 The S1 era was similar to the net change over the year (S); exhibiting moderate erosion at 
the GRG, KHW, and PPP sites and accretion at the GCP site.  There is no sub-annual data for the 
OCR site until the S3 period due to logistical constraints.  The next several eras illustrate a trend 
of alternating erosion and accretion at the different sites.  During the S2 era there was significant 
change at the GRG and PPP sites of -8.6 ± 9.8 and -19.3 ± 11.5 m yr-1, respectively, that exceed 
the error of ± 3.1 m y-1.  There was comparatively little change at the GCP and KHW sites, all 
within error (Table 1).  After this era of high erosion, the S3 period was characterized by 
accretion at all of the sites (Fig. 4).  However, the accretion was only statistically significant at 
the two sediment bank sites, GCP and PPP (10.3 ± 11.7 to 15.8 ± 7.5 m yr-1; Figs. 4A and 4E).  
At the GCP site, this was due to significant accretion along a segment of the shoreline.  This 
accretion widened a small section of the shoreline by over 10 m.  At the PPP site, the greatest 
accretion was also localized to a small segment of the shoreline (Fig. 5).  For both the GCP and 
PPP sites, this period of accretion was followed by another era (S4) of significant erosion, with 
SCRs of -9.7 ± 8.8 and -5.6 ± 8.4 m yr-1, respectively (Figs. 4A and 4E).  During the final sub-
annual era (S5), the PPP site exhibited a similar rate of erosion to the S4 era with an SCR of 5.4 
± 6.1 m yr-1 (Fig. 4E).  Figure 5 exhibits the overall erosion-accretion cycle observed at the PPP 
site using the Aerostat imagery.  Moderate shoreline change rates were observed at the other four 
sites during the S5 era and all were within the range of uncertainty (Fig. 4A). 
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 Figure 4  Mean sub-annual (see Table 1) shoreline change rates (SCRs) for all of the study sites.  
Error bars represent one standard deviation.  Negative SCRs are indicative of erosion and 
positive SCRs indicate accretion.  The box indicates era in which Hurricane Earl occurred. 
 
 
 
No data 
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Figure 5  Aerostat imagery at the PPP site over three sub-annual eras; A) S2, B) S3, C) S4.  The 
black star indicates the same geographic location in all three images. 
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4.4 Spatial Variability in Shoreline Change 
Within each study site there was significant along-shore variability in the rates of 
shoreline change.  Over the historical eras alongshore trends in shoreline change were relatively 
consistent at individual sites and exhibited distinct trends.  For example, at the PPP site the 
highest (50-year) rates of shoreline erosion (greater than 1.0 m yr-1) were consistently observed 
across transects ~3500-5000 (Fig 6A).  Distinct patterns of shoreline change were also noted 
between transects 1 and 2500, where the shoreline forms a series of point features.  Rates of 
erosion greater than 1.0 m yr-1 dominate the western side of each point feature, while the eastern 
shoreline of each is characterized by either minor changes in shoreline position, or no observable 
change (Fig. 6A).  The GCP and GRG sites also exhibited distinct 50-year patterns of shoreline 
change (Figs 7 and 8).  These sites have more complex shorezone morphologies of marsh and 
sediment bank, dissected by the presence of canals and creek systems.  The highest historical 
rates of erosion were along the most exposed (to open water and longer fetches) segments and 
minor accretion or little change was observed locally in protected embayments and along creeks.  
The mouth of canals and creeks were also seen to have higher rates of erosion then surrounding 
shoreline segments.  At the GRG site, the highest erosion occurred along a section of shoreline 
between transects 3800 and 4000 (Fig. 7A).  This segment of shoreline was backed by a shore-
parallel canal first in 1972 imagery, but not present in the 1956 imagery.  Over the subsequent 
decades a high rate of erosion removed the fronting section of marsh platform, exposing the 
canal and its shoreline to Pamlico Sound.  This is especially prominent following periods of high 
water and greater wave energy.  At the GCP site, some of the greatest 50-year change in 
shoreline position was associated with a small cove and the entrance to a small creek at the 
western end of the site (Fig. 8A). 
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Figure 6  Shoreline change at the PPP site; A) Shoreline change over the 50yr era, B) Shoreline 
change over the modern (S1-S5) era.  Spatial extent of 6B is indicated by the black rectangle in 
6A.  The plots located below each map indicate erosion (red blocks) or accretion (blue blocks) 
averaged over 50 m along the shoreline.  The plots show era along the y-axis and along-shore 
transect number along the x-axis. 
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Figure 7  Shoreline change at the GRG site; A) Shoreline change over the 50yr era, B) Shoreline 
change over the modern (S1-S5) era.  Spatial extent of 7B is indicated by the black rectangle in 
7A.  The bars below 7A and 7B indicate along-shore transect number. 
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Figure 8  Shoreline change at the GCP site; A) Shoreline change over the 50yr era, B) Shoreline 
change over the modern (S1-S5) era.  Spatial extent of 8B is indicated by the black rectangle in 
8A.  The bars below 8A and 8B indicate along-shore transect number. 
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 Over the modern eras (I and sub-annual periods), spatial trends were less clearly defined 
at some of the sites due in part to the higher uncertainty values and greater temporal variability.  
Segments of shoreline that were clearly defined as consistently eroding over the fifty-year era 
were observed to erode, accrete, or have no change depending on the sub-annual era. For 
example, at the GRG site between transects ~3800 and 5000, the historical eras exhibit 
consistently high rates of shoreline erosion (Figs. 7A and 7B).  Whereas, during the sub-annual 
eras, the same shoreline is characterized by alternating segments of erosional and of no 
observable change, or even minor accretion (Figs. 7A and 7B).  At some locations (eg. Fig. 6B, 
transects 400-500; Fig. 8B, transects 100-200) there was a large degree of along-shore variability 
within a relatively small (<100 meter) shoreline segment.  At the GCP site, there was less along-
shore variability in shoreline position over the study (Fig. 7).  The exception was a small 
segment of the shoreline characterized by an ephemeral, transient, sand accumulation. 
 
4.5 Wind and Waves 
Prior to running simulations for three wind events during the S2 sub-annual era, the 
model was calibrated using the Hurricane Ophelia and Hurricane Irene storm events.  In general, 
model results at the Carolina Pines (CP; Fig. 1) site were found to be in good agreement with 
observations of the Hurricane Ophelia storm event that occurred Sept. 14-15, 2005 (Figs. 2A and 
2B).  The model was found to slightly under-estimate significant wave height (Hs) and peak 
wave period (Tp; Figs. 2A and 2B).  The maximum predicted (model) Hs was 1.1 m (observed Hs 
= 1.3 m) and predicted Tp = 3.3 s (observed Tp = 3.7 s).  Model validation carried-out for the 
Hurricane Irene event using model grids and set-up modified from Mulligan et al. (2014) and 
parameters determined by sensitivity testing for this study also found good agreement between 
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the predicted and observed values (Figs. 2C and 2D).  Predicted maximum Hs = 1.7 m (observed 
Hs = 1.8 m) and predicted Tp = 3.6 s (observed Tp = 3.6 s; Figs. 2C and 2D). 
 The wave model was run for three meteorological events that occurred during the S2 
period of high erosion.  The results from these models are illustrated in Figures 9 and 10.  The 
overall greatest significant wave heights occurred at the PPP site from the passage of Hurricane 
Earl in early September (Fig. 9A-D; Table 4).  As the storm passed offshore, the dominant wind 
direction was from the North at speeds of 16-17 m s-1 (Fig. 9A).  These conditions resulted in an 
Hs of 1.2 m at the site (Fig. 9B; Table 4).  Whereas at the GCP and GRG sites, significant wave 
height peaked at only 0.6 m (Fig. 9B; Table 4).  This difference was due to the wind direction 
(from the North) that resulted in the greatest wave heights occurring on the southern shorelines 
of the Albemarle and Pamlico sounds (Fig. 11A).  The GCP and GRG sites, located along 
northern shorelines of the Tar-Pamlico and Pamlico Sound, were exposed to smaller waves (less 
than 1.0 m; Fig. 11A).  The wind direction also resulted in a lowering of water-level by 0.25 m at 
the GCP site, which contributed to limiting wave growth at the site (Fig. 9D; Table 4).  Peak 
periods at the three sites ranged from 2.2 s (GCP and GRG) to 3.8 s (PPP; Fig. 9C; Table 4). 
The second event modeled during the S2 era was for a typical frontal system that moved 
over the study area Sept. 16-18, 2010 and resulted in wind speeds of 7-9 m s-1 from the South 
during the peak of the storm (Fig. 9E; Table 4).  While wind speed was much lower than the 
Hurricane Earl event, the model calculated significant wave heights of over 0.5 m and wave peak 
periods of almost 3 s for the GRG site (Figs. 9F and 9G; Table 4).  Model results for the PPP and 
GCP site indicated Hs of only 0.4 m and Tp close to 2 s for this same storm (Figs. 9E and 9F; 
Table 4).  Change in water-level was less than 0.1 m for the duration of the event (Fig. 9H).  The 
distribution of significant wave heights for peak wind speed during this event is illustrated in 
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Table 4  Wave characteristics for the GCP, GRG, and PPP sites at the time of peak wind speeds 
for each model run. Characteristics include significant wave height (Hs), water-level (η), and 
peak period (Tp). 
 
Model Wind Site  Hs (m) η (m) Tp (s) 
Hurricane 
Earl 
N (350°) 
17 m s-1 
GCP 
GRG 
PPP 
0.6 
0.6 
1.2 
-0.25 
0.07 
-0.12 
2.2 
2.2 
3.8 
Event 1 S (190°) 
9.3 m s-1 
GCP 
GRG 
PPP 
0.4 
0.6 
0.4 
0.01 
-0.02 
0.05 
2.0 
2.9 
2.2 
Event 2a SSE (150°) 
13.4 m s-1 
GCP 
GRG 
PPP 
0.7 
0.8 
0.8 
0.26 
-0.02 
0.15 
2.7 
3.1 
2.9 
Event 2b NE (40°) 
7.7 m s-1 
GCP 
GRG 
PPP 
0.3 
0.4 
0.6 
0.07 
0.03 
-0.01 
1.8 
2.2 
2.8 
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Figure 9  Model results for the Hurricane Earl and Event 1 wind events during the S2 era, at the 
GCP (blue), GRG (dashed black), and PPP (dashed red) sites.  A) and E) Wind stick vectors 
indicating speed and direction , B) and F) Significant wave height (Hs), C) and G) Peak period 
(Tp), and D) and H)Water-level (η). 
 
 
 
 
 
 
02-Sep-2010 03-Sep-2010 17-Sep-2010 16-Sep-2010 
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 Figure 10  Model results for Event 2 during the S2 era, at the GCP (blue), GRG (dashed black), 
and PPP (dashed red) sites.  A) Wind stick vectors indicating speed and direction, B) Significant 
wave height (Hs), C) Peak period (Tp), and D) Water-level (η). 
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 Figure 11  Model results across the APES for significant wave height (Hs) at the GCP, GRG, 
and PPP sites for peak wind speed during S2 era; A) Hurricane Earl, B) Event 1, C) Event 2a, 
and D) Event 2b.  The arrows indicate wind direction at each time in degrees from true North; 
wind speed is indicated in m s-1. 
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Figure 11B and indicates highest Hs values occurred along the northern shore of Albemarle 
Sound, and along the northern and western Pamlico Sound, near site GRG. 
 The final event modeled for the S2 era was a week-long (Sept. 27-Oct. 4, 2010) frontal 
system that contributed several inches of precipitation to the area and had multiple periods of 
winds >6 m s-1.  The precipitation and water-level increases observed across the APES 
contributed to extensive coastal flooding in several counties and at the three study sites.  The 
greatest recorded wind speeds of 13.4 m s-1 (from the South-southeast; 150°) occurred early on 
Sept. 1, 2010 (Fig. 10A).  This was preceded by 12-hours of consistent Southeast winds over 8 m 
s-1 (Fig. 10A). Due to this 12-hour set-up, water-level was predicted by the model to have 
increased by 0.26 m and 0.15 m at the GCP and PPP sites, respectively (Fig. 10D; Table 4).  
Significant wave height was greatest for all three sites at this time and ranged from 0.7-0.8 m 
(Fig. 10B; Table 4).  As with event 1, significant wave heights were greatest during this period 
along the northern Albemarle and Pamlico Sounds (Fig. 11C).  After Oct. 1, 2010 the wind 
direction shifted to the North and wind speed dropped to 5-8 m s-1 but was sustained for the next 
two days (Fig. 10A).  While this resulted in overall lower wave heights across the APES, Hs at 
the PPP site was much higher than those calculated at the GCP and GRG sites (almost double the 
significant wave heights at GCP; Fig. 10B; Table 4).  Greater wave heights were again along the 
southern shorelines of the APES, as was observed for the Hurricane Earl event (Fig. 11D).  It is 
clear that wind direction over this six-day-period played a significant role in determining wave 
height at the different sites. 
To further investigate the role of wind direction and speed on the distribution of wave energy, 
the wind ramp simulation was run for the GRG and PPP sites using the same coupled 
hydrodynamic-wave model utilized for the S2 event simulations.  The wind ramp was not 
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examined at the GCP site due to its similar orientation to the GRG site shoreline (both are most 
exposed to southerly wind directions), and the GCP site is located at the upper reach of the Tar-
Pamlico tributary where fetch is more limiting (Fig. 1).  The results from the wind ramp for the 
GRG and PPP sites are shown in Figure 12 for all of the 8 main compass directions and the 
individual results for North, East, South, and West shown in Figure 13.  The GRG site was found 
in the simulation to have overall lower wave heights than the PPP site with a maximum of 1.1 m 
when the wind was from the Southeast (135º) at 30 m s-1 (Figs. 12A and 13).  The largest wave 
heights simulated at the GRG site occurred when the wind direction ranged from East to 
Southwest (90º-225º), which also represent the greatest fetches for the site (31-54 km; Figs. 12A 
and 13B-C).  The PPP site exhibited the greatest significant wave height of 1.7 m when the wind 
was from the North (0º; fetch 18 km) at 30 m s-1 (Figs. 12B and 13A).  Overall, the largest wave 
heights were simulated at the PPP site when the wind direction was from the West, South, or 
East (270º-90º) with fetches of 18 to 33 km (Figs. 12B, 13A-B, and D). 
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Figure 12  Significant wave height (Hs) for each wind speed and direction in the wind ramp 
simulation (wind speeds 6-30 m s-1, 8 cardinal and ordinal compass directions) at; A) the GRG 
site, and B) the PPP site.   
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 Figure 13  Significant wave height (Hs) for wind speeds of 6-30 m s
-1 at both the GRG and PPP 
sites for varying wind direction: A) North  (0°), B) East (90°), C) South (180°), and D) West 
(270°). 
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5.0 Discussion 
5.1 Historical versus Sub-annual SCRs 
 Annualized rates of shoreline change were found to be significantly different for sub-
annual eras in comparison to historical eras (P<0.01).  To determine if the high annualized SCR 
values for the sub-annual eras were anomalous with the long-term, historical rate, the values 
were plotted in a linear regression model for the GCP, GRG, and PPP sites (Fig. 14).  The spatial 
average shoreline position (SASP) for each historical and intermediate era was plotted and linear 
regression analysis performed at a 95% confidence interval.  Position is plotted as mean distance 
in meters between each historical shoreline (i.e., 1983, 1993, 1998, and 2006/2007) and the 
initial shoreline of 1956.  The SASP for each sub-annual era was then plotted to determine if 
they fell within the 95% confidence interval band for each site (Fig. 14).  A shoreline change rate 
for the historical eras was also calculated from the linear regression for comparison with the end-
point-rate determined by the AMBUR software.  The linear regression models were observed to 
fit the historical data well, as evidenced by a high r2 value for all three sites; 0.95, 0.95, and 0.85 
at the GCP, GRG, and PPP sites, respectively (Fig. 14).  The linear regression SCRs (-0.6 m yr-1 
for all three sites) were found to agree well with those calculated by the end-point method.  
Previous comparisons of the linear regression and end-point methods for calculating shoreline 
change by Dolan et al. (1991) also found good agreement between the two methodologies. 
All of the sub-annual era SASPs were found to fall within the 95% confidence interval 
band at all three sites.  So, while annualized sub-annual SCR rates are significantly higher than 
those of the 50yr, H1-H4, or I eras, the spatially averaged net change in position falls within the 
long-term trend (Fig. 14).  This indicates that the sub-annuals cycles of erosion and accretion, 
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Figure 14  Trend in spatial average shoreline position (SASP) for all study eras; A) the GCP site, 
B) the GRG site, C) the PPP site.  The trend value is the SCR (m yr-1) calculated from the linear 
regression.  The EPR (end-point-rate) value is the H50yr (1956-2007) SCR (m yr-1) calculated 
using AMBUR. 
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as well as the storm-influenced shorelines, are likely a part of the long-term cycle of shoreline 
change observed at these sites.  Therefore, these sub-annual changes in shoreline position are 
accounted for in the more commonly used long-term calculations of SCRs. 
 
5.2 Wave Climate and Sub-annual Shoreline Change 
 Shoreline change is thought to be controlled by the complex interaction of processes and 
shoreline characteristics that can be highly location-specific.  Significant differences in the rates 
of shoreline change were observed both between and within individual sites.  Wave energy has 
previously been recognized to influence the rate of shoreline change (Riggs and Ames, 2003; 
Schwimmer, 2001; Cowart et al., 2011).  For example, in the nearby Neuse River estuary (also a 
part of the APES), Cowart et al. (2011) determined an empirical relationship between exposure 
to wave energy and the rate of erosion.  In the current study, results from the coupled 
hydrodynamic-wave model also indicate a relationship between wave energy and the rate of 
shoreline change.  As no hydrodynamic observations were available for the sub-annual period, 
the wind ramp simulation results were utilized to hind-cast the wave climate at the GRG and PPP 
sites.  The hourly wind record from station KMQI was filtered and then each hour matched with 
the analogous simulation result for that wind speed bin and compass direction. 
At the GRG and PPP sites, 84-90% of the time during the sub-annual period (S1-S5) was 
simulated to have significant wave heights of <0.4 m (Fig. 15).  This demonstrates that most of 
time during the study the shorelines were exposed to a climate of shorter-period (<2 s), smaller 
waves, and likely were experiencing no transport.  The two sites were found to have Hs >0.4 m 
10-16% of the time during the sub-annual period (Fig. 15).  During that time, the shoreline at 
each site was exposed to approximately 46-60% of the total wave energy calculated for the entire 
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sub-annual period (Fig. 15).  At the GRG site, much energy was associated with Hs <0.8 m 
during S5 was actually a time when no shoreline change occurred (Figs. 16A and 17A).  A study 
by Cowart et al. (2010; 2011) indicated the importance of shoreline characteristics such as scarp 
height, substrate cohesion, and vegetation type that may modify the erosion potential of marsh 
shorelines.  At the GRG site these factors may reduce the potential for erosion.  However, during 
the S2 era when wave heights exceeded 0.8 m there was significant erosion recorded at the site, 
suggesting that wave energy likely exceeded the threshold necessary to induce sediment erosion 
(Fig. 17A). 
At the PPP site, the 16% of simulated wave heights >0.4 m occurred during the S2, S4, 
and S5 eras when rates of erosion exceeded 5 m yr-1 (Fig. 17B).  The greatest Hs (0.1% of the 
time) and approximately 4% of total wave energy (S1-S5) occurred during the S2 era when the 
rate of erosion was almost 20 m yr-1 due to the influence of Hurricane Earl (Figs. 16B and 17B).  
In contrast, during the S3 era, the shoreline returned to its pre-Earl position through the 
accumulation of material.  Wave heights were predominantly 0.2-0.6 m with the greatest energy 
from the 0.4-0.6 m bin (Figs. 16B and 17B).  During the S3 and S4 eras, most wave energy was 
observed in the 0.6-0.8 and 0.8-1.0 Hs bins (Fig. 16B), and this was accompanied by some of the 
highest rates of erosion observed in the study at the PPP site (5.6 and 5.4 m yr-1, respectively).  
Again, this suggests that during periods of smaller waves, sand can move onshore, but during 
periods with larger waves the critical erosion stress of marsh substrates can be surpassed, 
resulting in erosion. 
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 Figure 15  Probability density distribution of hours of significant wave heights over all of the 
sub-annual era (S1-S5) at the GRG and PPP sites.  Significant wave height divided into height 
bins of 0.2 m (x-axis) and time reported in hours (left y-axis) and percent (%; right y-axis) of 
time.  The bars denote hours of significant wave height for both sites, per bin.  The lines denoted 
percent of time for both sites, per bin. 
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Figure 16  Probability density distribution of wave energy (J m-2) for all of the sub-annual eras 
at; A) the GRG sites, B) the PPP site.  Wave energy was calculated from the wind ramp results 
for significant wave height (Hs).  The black line denotes the total percentage of wave energy per 
wave height bin for the entire sub-annual period (S1-S5). 
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Figure 17  Time-series of wave heights using the wind ramp simulation results at the GRG and 
PPP sites, and the annualized shoreline change rate (SCR, m yr-1) for all of the sub-annual eras 
(S1-S5).  Individual eras are denoted by the dashed lines.  The blue line represents hourly 
significant wave height (Hs) as determined from the coupled hydrodynamic-wave model.  Due to 
constraints of the model when simulation waves under low wind conditions (<6 m s-1), the 
minimum wave height is 0.1 m.  Mean Hs (blue text) for each era listed in meters.  The black 
circles denote the mean annualized SCR for each era.  The red arrow indicates negative SCR 
values (erosion) and the blue arrow indicates positive SCR values (accretion). 
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There is also a seasonal component to the observed trends in wave climate and shoreline 
change.  At both the GRG and PPP sites, the summer months (June-August) were characterized 
by consistently smaller wave heights and an absence of any significant change in shoreline 
position (Fig. 17).  Historically, and during this study, winds are from the southwest at this time 
of the year, and few fronts occur (Cowart et al. 2010; Wells and Kim 1989).  At the PPP site, this 
wind direction limits wave development along the southern shorelines of the Albemarle Sound.  
At the GRG site, while the fetch for wind from the southwest is large, much wave energy is 
likely reduced by the extensive shoals seaward of the site (Fig. 18A).   During the months of 
September and October the passage of tropical and extra-tropical storms can result in high-
energy events (with large wave heights), but these relatively short periods can significantly erode 
these estuarine shorelines (Fig. 17).  During the winter and early spring months (December-
March) the wind is predominantly from the north and northeast, directions that were found in 
simulations to produce the greatest wave heights at the PPP site, and were characterized by >5 m 
yr-1 of erosion (Cowart et al. 2010; Wells and Kim 1989). 
 As alluded to above, water depth is another factor that controls wave climate.  In Figure 
13, wave height was almost always greater at the PPP site.  However, the GRG site has greater 
fetches of 31-54 km, in contrast to fetches of 18-33 km at the PPP site.  These results from the 
model are likely a function of the bathymetry at the sites (Fig. 18).  At the GRG site, where wave 
heights were simulated to be lower, the water depth is only 2.2 m, and the bathymetry shows 
extensive shallows with little slope (Fig. 18).  Water depths also remain shallow (<5 m) along 
the entire south (180º) fetch direction due to a shoal that divides Pamlico Sound (from Gull Rock 
to Ocracoke Inlet).   At the PPP site where wave height was simulated by the model, 
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 Figure 18  Bathymetry; A) the GRG site, B) the PPP site, and C) depth profiles at both sites.  In 
A and B, black circles denote the location adjacent to each site used in the coupled 
hydrodynamic-wave model.  Black arrows indicate the location of bathymetry profiles displayed. 
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water depth was 4.4 m (Fig. 18B).  The bathymetry shows steeper slopes less than 500 m from 
shore, and water depths of 4 m ~1 km from shore (Fig. 18).  The shallower water depths and 
extensive shoals around the GRG site would limit wave growth in the model simulations, despite 
greater fetches at the site, resulting in the overall lower wave heights. 
 
5.3 Storm Events 
 Coastal storms are commonly indicated as drivers behind episodic, but significant erosion 
of shorelines (Camfield and Morang, 1996; Dolan et al., 1978; List et al., 2006; Phillips, 1999).  
Studies on oceanfront coasts highlight the ability of storms to remove significant volumes of 
sediment from beaches and also indicate the potential for the subsequent recovery of those 
sediments during the quiescent period following a storm event (Dolan et al. 1978; Dolan et al. 
1988; Douglas and Crowell 2000; List et al. 2006; Phillips 1999).  List et al. (2005) noted the 
existence of storm driven “erosion hotspots”.   These hotspots represent segments of shoreline 
that are characterized by a significantly higher rate of short-term erosion then surrounding 
segments of the same type and morphology (List et al. 2006).  These processes were observed at 
sites after the passage of two different storm events; Hurricane Earl that passed within 50 
nautical miles of North Carolina on September 2, 2010 and Hurricane Irene that crossed directly 
over eastern North Carolina on August 27, 2011.  The peak wind speed of the Hurricane Earl 
event was 17 m s-1 and from the North (0°); resulting in the highest significant wave heights (> 1 
m) and greatest peak period (Tp; 3.8 s) along the southern shorelines of Albemarle and Pamlico 
sounds, including at the PPP site (Fig. 11A; Table 4).  During Hurricane Irene, Hs of over 1.5 m 
was observed at the PPP site as the storm passed over the site and winds of >30 m s-1 shifted 
from the Southeast to the Northwest.  For the GRG site, wave heights between 0.6 and 1.2 m 
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were observed for Hurricanes Earl and Irene, respectively.  A greater rate of change (-9.7 m yr-1) 
was measured post-Irene than post-Earl at the site (-8.6 m yr-1).  As discussed previously, the 
wind direction, bathymetry, and resulting wave climate play a critical role in the amount and 
location of shoreline erosion.  These short-duration, high energy events can lead to significant 
erosion even along more resistant shoreline types such as marsh (GRG).  While significant 
erosion also occurs along sediment bank shores (i.e., PPP), there is a potential for recovery post-
storm.  In contrast, along a marsh shoreline (i.e., GRG), the post-storm position defines a new 
marsh-edge-shoreline.  This suggests that storm-driven erosion represents a more significant 
contribution to the long-term rate of change along marsh shorelines then sediment bank 
shorelines.  However, the SCRs for these events still fall within the 95% CI of the longer-term 
trend in SASP. 
 
5.4 Coastal Management Implications 
There are currently no set-back requirements on the estuarine shoreline in North Carolina 
that are comparable to the oceanfront setbacks determined by the long-term erosion rate.  There 
are, however, designated areas of environmental concern (AECs) that require permits for 
structures located within a certain distance from the shoreline and based on shoreline 
classification (CAMA, 1974).  Set-backs for structures based on rates of estuarine shoreline 
change could be incorporated within the existing permitting structure and would provide coastal 
managers with a way to manage estuarine shoreline development in the face of environmental 
changes such as erosion and sea-level rise.  In the long-term, such policies could increase the 
resilience of estuarine communities and provide a regulatory mechanism for addressing shoreline 
retreat that does not rely on hardening the estuarine shore.  However, because of the vast size of 
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the APES, many critical locations (e.g., wetlands) are at risk, so some type of ecosystem friendly 
shoreline modification may be required. 
 
6.0 Conclusions 
A combination of field surveys (RTK-GPS and Aerostat), digitizing from historical aerial 
photos, and a coupled hydrodynamic-wave model were used to examine rates and processes 
driving shoreline change at varying spatial and temporal resolutions at several sites across a large 
estuarine system (e.g., APES).  These sites encompassed a range of shoreline types (e.g., marsh, 
sediment bank), shoreline orientations, and wave exposure directions.  Historical (50yr) rates of 
shoreline change ranged from -0.3 ± 0.3 to -0.6 ± 1.2 m yr-1.  Rates for individual historical (H1-
H4) and intermediate (I) eras were variable by site and era.  The most variability in SCR was 
observed during the sub-annual eras (S1-S5), and specifically, at the sediment bank PPP site.  
Storm events such as Hurricane Earl were found to contribute to this short-term variability along 
sediment bank shorelines. 
In the micro-tidal APES system, waves have previously been identified as an important 
mechanism for shoreline change.  Shoreline orientation and wind direction were found to be 
important in determining wave energy at a given site with the greatest wave heights simulated 
when wind direction and shoreline orientation resulted in the most exposure (greater fetch).  The 
greatest wave heights simulated by the model occurred at the sites during the era (S2) of greatest 
erosion. 
The high variability observed at both fine temporal and spatial scales in comparison to 
the long-term historical SCRs illustrates the importance of examining shoreline change at 
multiple timescales and spatial resolutions.  Historical rates of change provide a view of the net 
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movement of the shoreline over decades with low methodological error.  However, as observed 
by Douglas et al. (1998) for oceanfront shorelines, these historical rates and the set-backs that are 
based on them, do not account for episodic or highly variable sub-annual changes in shoreline 
position.  While these short-term rates, when annualized, can far exceed the historical SCR, they 
were found in linear regression models to be within the range of predicted shoreline positions.  
Over these sub-annuals periods it is suggested that wave energy at the sites is a major driving 
force behind changes in shoreline position.  The contribution of large storm events to shoreline 
erosion can be significant in the short-term at any shoreline, but may be most important at marsh 
sites in the longer-term as there is little potential for post-storm recovery of eroded material. 
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Decadal Sediment Accumulation and the Role of Shoreline Erosion in the Tar-Pamlico Estuary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 Understanding the source of sediment and its storage is important for examining the 
impact of human activities and natural processes such as sea-level rise on the functioning of 
estuarine systems.  Specifically, as more estuarine shoreline erodes or becomes modified with 
hard structures, there is the potential for significantly altering the availability of sediment within 
the estuarine system.  This study quantified rates of sediment accumulation using the 
radionuclide tracers 210Pb and 137Cs at 11 sites in the Tar-Pamlico sub-estuary, a tributary of the 
larger Albemarle-Pamlico Estuarine System (APES).  Shoreline erosion was also quantified for 
the 1998-2007 decade.  A preliminary budget for fine sediments (grain-size <63 µm) was then 
calculated.  Radionuclide activities and sediment accumulation rates identified several regions as 
depositional centers, specifically the mid-estuary site PRE-6.  Linear accumulation rates ranged 
from 0.1 ± 0.02 to 0.38 ± 0.02 g cm-2 yr-1 and total storage of fine sediment in the system was 1.6 
x 105 t yr-1.  The average end-point shoreline change rate (SCR) was -0.5 ± 0.9 m yr-1 for the 
Tar-Pamlico, contributing 0.6 x 105 tons of fine sediment to the system annually, or 39.6% of the 
total sediment supply to the sub-estuary.  Almost all (98.0%) of the fine sediment entering the 
system was accumulated and stored, while 2.0% was exported to Pamlico Sound. 
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1.0 Introduction 
1.1 Estuarine Systems 
Estuaries are vital coastal ecosystems that provide habitat, facilitate the cycling of 
biogeochemical constituents, and are utilized for recreation and commercial activities.  These 
functions are influenced by the dynamic physical processes that control the morphology and 
behavior of these ecosystems, the storage of sediments and other materials (e.g. carbon, 
nutrients, and pollutants), and have impacts on coastal development.  For example, shoreline 
change can erode important habitat and damage or destroy human infrastructure (Riggs and 
Ames 2003).  Seabed resuspension alters the environment by disturbance of the benthos and 
affecting water quality (Arfi and Bouvy 1995; Cloern 1987; Giffin and Corbett 2003; Soetaert 
and Middelburg 2009), and wetland processes influence sediment and carbon storage as well as 
shoreline erosion and flooding.  The temporal and spatial variability of these and other processes 
must be better understood to determine estuarine functioning and evolution. 
Estuarine ecosystems are found at the boundary between terrestrial and marine 
environments.  Evidence from estuarine deposits show that these systems have existed in a wide 
range of geographic locations over geologic time (Dyer 1997).  However, their origin reflects the 
transient nature of these ecosystems.  At the end of last glacial period (~18,000 years ago) sea-
level was 120 m below present (Masselink and Hughes 2003).  Modern estuaries are the result of 
the subsequent sea-level transgression that has occurred since that time (Dyer 1997; Perillo 
1995). A period of rapid melting and sea-level rise with rates on the order of 1 cm/yr transpired 
until approximately 7000-5000 years ago when the rate slowed to 2-3 mm yr-1 (Dyer 1997; 
Horton et al. 2009; Mallinson et al. 2010; Perillo 1995; Pethick 1984).  The resulting inundation 
of the paleotopography formed estuarine systems (Dyer 1997; Mallinson et al. 2005; Mallinson 
et al. 2010; Perillo 1995; Pethick 1984).  As the rate of sea-level rise stabilized to near current 
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rates, estuaries began to fill with sediments.  Their modern structure and function results from 
the complex interaction of antecedent morphology, hydrology, and sediment accumulation 
(Hibma et al. 2004; Pethick 1984). 
 
1.2 Sediment Budgets 
The sources and storage of sediment in an estuary are important to understand as they 
give insight into the functioning of the system and how alterations from natural or anthropogenic 
activities may impact the larger coastal environment.  Understanding the storage of sediment will 
also be of increasing interest as rates of sea-level rise (SLR) are predicted to continue 
accelerating for North Carolina (Horton et al., 2009; Kemp et al. 2009).  During periods of 
relatively stable sea-level a balance of accumulating and eroding processes may be reached that 
is expected to maintain a constant water depth and basin geometry in a system (Meade 1969; 
Meade 1972; Nichols and Poor 1967; Nichols 1989; Nichols et al. 1991; Pritchard 1967; Rusnak 
1967).  The system can continue to infill depending on rates of sediment accumulation and the 
available accommodation space (Jaeger et al. 2009; Meade 1969; Nichols and Poor 1967; 
Nichols 1989; Pethick 1984; Pritchard 1967; Rusnak 1967).   
One way to examine the response of an estuarine system to natural or anthropogenic 
forcing factors is to construct a sediment budget.  A sediment budget provides a quantitative 
measure of sediment sources and the estimated storage or export from the system (Jaeger et al. 
2009; Patchneelam et al. 1999; Phillips 1997; Phillips and Slattery 2006; Rosati 2005; Yarbro et 
al. 1983).  In large, complex estuarine systems such as the Albemarle-Pamlico Estuarine System 
(APES), material is supplied by river discharge, shoreline erosion, reworked shelf sediment, and 
in-situ production of biogenic material (Phillips 1989; Wells and Kim 1989).  The majority of the 
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supplied sediment is stored in the drowned-river tributaries, such as the South or Susquehanna 
Rivers in the Chesapeake Bay, with only a fraction exported to the larger estuary (Donoghue et 
al. 1989; Marcus and Kearney 1991; Phillips and Slattery 2006; Schubel and Carter 1970; Wells 
and Kim 1991).  Estimates of storage in estuarine tributaries range from 80% to 100% of 
supplied material, with an average of approximately 6% exported to nearby bays or sounds 
(Donoghue et al. 1989; Marcus and Kearney 1991; Phillips 1987; Phillips 1989; Phillips 1991; 
Phillips and Slattery 2006; Schubel and Carter 1970). 
Early sediment budgets in estuarine systems, however, did not include shoreline erosion 
as a source of sediment.  Recent studies in the Chesapeake Bay, and regions of the APES, 
indicate that shoreline erosion can be a significant source of material (Marciniak, 2008; Marcus 
and Kearny 1991; Pachineelam et al. 1999; Yarbro et al. 1983).  Marcus and Kearney (1991) 
estimated that over 80% of material in a tributary of Chesapeake Bay came from shoreline 
erosion.  A study in two tributary creeks of the Neuse River, NC, observed a similar fraction of 
sediment (85-98%) is supplied by shoreline erosion (Marciniak 2008).   In the main trunk of the 
Neuse River Estuary, it was estimated that 6 x 105 tons of material, or approximately 75% of the 
annual sediment supply, is from shoreline erosion (Benninger and Wells 1993).  Other studies 
indicate that as river discharge decreases due to human activities, shoreline erosion will become 
an increasingly significant source of sediment and nutrients to coastal systems (Marcus and 
Kearny 1991; Phillips and Slattery 2006). 
 
1.3 Radionuclide Tracers 
The radionuclides 210Pb and 137Cs are commonly used as tracers to determine sediment 
accumulation in estuarine systems.  Their half-lives, 22.3 and 30.1 years, respectively, make 
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these tracers useful over modern timescales (approximately 100 years) to characterize 
sedimentation rates (Kirshnaswamy et al. 1971; Oldfield and Appleby 1984; Robbins and 
Edgington 1975).  The radionuclide 210Pb is naturally occurring as part of the 238U decay series 
(Kirshnaswamy et al. 1971; Oldfield and Appleby 1984).  The parent isotope, 226Ra has a much 
longer half-life (1602 years), and is present in most rock or sediment.  The 226Ra isotope 
produces an intermediate daughter isotope, the inert gas 222Rn, that rapidly decays to 210Pb.  This 
210Pb quickly adsorbs to particles and is removed from the atmosphere by wet or dry deposition, 
typically within a few days (Appleby and Oldfield 1992; Kirshnaswamy et al. 1971).  It is the 
disequilibrium that results from the production of 210Pb through in-situ decay of 226Ra 
(supported) and the excess 210Pb that is adsorbed to particles that allows the radionuclide to be 
useful as a tracer (Appleby and Oldfield 1992; Kirshnaswamy et al. 1971). 
The man-made radionuclide, 137Cs, is also used to determine sediment accumulation and 
commonly used to corroborate sedimentation rates from 210Pb geochronologies (Appleby and 
Smith 1993; Ritchie and McHenry 1990; Robbins and Edgington 1975).  It was introduced into 
the atmosphere as a result of nuclear testing (DeLaune et al. 1978; Ritchie and McHenry 1990).  
The activity of 137Cs marks human activity, namely the first creation of the nuclide in 1954 and 
the peak of nuclear testing in 1963 (DeLaune et al. 1978).  These variations in 137Cs activity in 
down-core profiles (when present) can be used to calculate sedimentation rates. 
 The objectives of this study were to characterize sedimentation within the Tar-Pamlico 
sub-estuary, quantify changes in shoreline position and type, and calculate a sediment budget for 
the system, including the potential supply of fine sediments from shoreline erosion.  These are 
addressed using a combination of sedimentological measures, radionuclide tracers, and GIS 
tools. 
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2.0 Study Area 
 The Tar-Pamlico River estuary is a part of the larger Albemarle-Pamlico Estuarine 
System (APES; Fig 1).  The system is a product of multiple glacial and inter-glacial cycles and 
accompanying fluctuations in sea-level that have shaped the coastal plain region (Curray 1965; 
Mallinson et al. 2005; Mallinson et al. 2010; Riggs et al. 1995; Riggs and Ames 2003).  The 
APES is classified as a compound estuary that includes two large, shallow lagoons, the 
Albemarle and Pamlico sounds that are enclosed by the Outer Banks barrier islands, and a series 
of drowned-river tributaries that supply water and sediment (Geise et al. 1979; Hobbie 1970; 
Riggs and Ames 2003; Wells and Kim 1989).  The Tar-Pamlico River estuary (hereafter referred 
to as the PRE) encompasses an area of approximately 583 km2 and reaches from the town of 
Washington, NC to where it connects to the open Pamlico Sound approximately 56 km to the 
southeast (Fig. 1).  The head (western) region of the PRE meets the freshwater Tar River that 
drains both the piedmont and coastal plain of North Carolina and discharges into the Pamlico 
River at Washington with an average annual discharge of approximately 70.8 m3 s-1 from 1998 to 
2011 at the U.S. Geological Survey (USGS) Greenville gauging station (historical discharge 69 
m3 s-1; Amein and Airan 1976; Geise et al. 1979).  The lower PRE is primarily fed by several 
estuarine tributaries and joins with the Pungo River at its mouth of the estuary where it 
discharges into Pamlico Sound (Fig. 1; Geise et al. 1979).  Average discharge from the PRE to 
Pamlico Sound is approximately         150 m3 s-1 (Geise et al. 1979).  The PRE thought to be an 
important source of freshwater, sediment, and nutrients to Pamlico Sound (Geise et al. 1979).  
Like the Neuse River, the PRE has spatially and temporally varying salinity, and its 
hydrography is primarily influenced by river discharge, wind-driven waves, and tides (Benninger 
and Wells 1993; Geise et al. 1979; Hobbie 1970; Leuttich et al. 2002; Wells and Kim 1989).  
While typically well-mixed vertically with regards to salinity, the PRE can become stratified 
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during periods of low discharge (e.g., drought conditions), or during hot, low-wind conditions as 
seen in the Neuse River (Geise et al. 1979; Hobbie 1970; Leuttich et al. 2002).  Lower surface 
salinities along the southern bank of the estuary also indicate the presence of weak estuarine 
circulation, such as observed in the Neuse River (Geise et al. 1979; Hobbie 1970; Leuttich et al. 
2002). 
Overall, the coast of North Carolina is subject to semi-diurnal, microtidal conditions; 
however, the astronomical tide in the APES is generally less than 10 cm (Geise et al. 1979; 
Wells and Kim 1989).  In the PRE, due to the geometry of the estuary, a funneling effect is 
observed, and the tide range increases to almost 30 cm near the mouth of the Tar River at 
Washington (Geise et al. 1979).  The estuary has an average depth of 3.35 m and a maximum 
depth of 6.9 m (Geise et al. 1979).    Sediment load at the Tar River, Tarboro station was 
estimated to be 1.89 x 105 t yr-1 (Geise et al. 1979).  The sediment load discharged into the PRE 
at Washington is thought to be reduced to 1.0 x 105 t yr-1 because of floodplain trapping (Quafisi 
2010).  Sediments in the main channels of the PRE have been described as fine-grained, muddy 
sediments derived from terrestrial weathering (Allen 1964; Duane 1962; Park 1971; Geise et al. 
1979; Wells and Kim 1989).  Along the shallow near-shore margin, sediments are medium to 
coarse sands (Bellis et al. 1975; Duane 1964; Wells and Kim 1989). 
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 Fig. 1  Map of the PRE study area.  Coring sites are denoted by the square symbols.  A rate of 
accumulation was not calculated for the PRE-5 site.  Rates of accumulation were calculated from 
the other sites. 
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3.0 Methods 
3.1 Sampling 
A total of 11 sites within the PRE were sampled from a small boat by push-core during 
the summers of 2010 and 2011 (Fig. 1).  The push-core utilized for sample collection consisted 
of a PVC pipe that had been fitted with a one-way check valve and a 10.2 cm diameter plexiglass 
core tube (Giffin and Corbett 2003).  A total of two cores were collected at each site for analysis.  
One core was sub-sampled using a ~10 x 10 cm square acrylic tube and imaged using X-
radiography.  The second core was extruded and sectioned at 2-centimeter-intervals, and samples 
were stored for subsequent sedimentological and radioisotope analysis. 
 
3.2 Sedimentological Analysis 
Sub-samples of wet sediment from each interval were placed in pre-weighed containers 
and dried at 60° C to determine the water content.  The salt-corrected dry bulk density (DBD) of 
the sediment was then calculated for each 2-centimeter-interval: 
𝐷𝐵𝐷 =  (1 − 𝜑𝑠)𝜌𝑠     Equation 1 
where φs is the salt-corrected porosity, and assuming an average particle density (ρs) of 2.4 g 
(Benninger and Wells 1993; Corbett et al. 2006; Giffin and Corbett 2003). 
The particle size distribution for each 2-cm-interval was determined using a 5100 
Micromeretics SediGraph.  The instrument measures X-ray absorption and applies Stokes Law to 
describe the mass distribution of particle sizes for a sample (Coakley and Syvitski 1991).  A sub-
sample of 5-15 g of wet sediment for each interval was placed in glass containers with dispersing 
solution.  Samples were left to sit for at least 24 hours before they were wet-sieved using a 63 
µm sieve to remove the sand fraction, which was dried in an oven at 90° C.  The mud fraction 
(<63 µm) of the sample was left for another 24 hours to settle before decanting excess liquid.  
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The sample was then shaken and placed in a sonic bath for 1 minute prior to analysis to ensure 
the sediment particles were disaggregated.  Instrument error and sample contamination was 
minimized through monthly calibration to a garnet standard, daily baseline measures, and 
triplicate rinses between every set of sample runs.  After analysis, the sample was captured in a 
pre-weighed container and dried to determine the total fraction of sample finer than 63 µm. The 
percent of sand, silt, and clay was then calculated for each interval, and the study sites were 
classified based on the scheme of Folk (1954). 
 
3.3 Sediment Accumulation 
Rates of sediment accumulation (linear and mass accumulation) were determined by 
measuring the activity of the radionuclides 210Pb and 137Cs using gamma spectroscopy.  
Approximately 3 g (vial) or 20 g (petri dish) of dry sample was ground, homogenized, packed 
into containers, and sealed for radionuclide analysis.  Samples were counted on one of four low-
background, high-efficiency, high-purity Germanium detectors (Coaxial-, BEGe-, LEGe-, and 
Well-type) for at least 24 hours.  After sealing, the samples were stored for at least 20 days to 
allow for the in-growth of the 226Ra daughter isotopes (i.e., 214Bi, 214Pb, and 214Po ) before 
counting to determine excess 210Pb and 137Cs.  Total 210Pb was measured by direct gamma 
counting at the 46.5 keV energy peak.  Supported 210Pb was determined from the activity of 
226Ra as measured via the daughter isotopes 214Bi and 214Pb, at the 609 and 295 & 351 keV 
energy peaks, respectively.  Excess (unsupported) 210Pb was calculated by subtracting the 
supported 210Pb from the total measured 210Pb (Appleby and Oldfield 1978; Appleby and 
Oldfield 1992; Nittrouer et al. 1979).  The activity of 137Cs was measured by direct gamma 
counting at the 661.7 keV energy peak (Ritchie and McHenry 1973).  The detectors were 
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calibrated at regions of interest using a series of natural matrix standards, and all activities were 
corrected for self-absorption (Cable et al. 2001; Cutshell et al. 1983). 
The constant flux-constant supply (CF-CS), or simple model, was used to calculate rates 
of sediment accumulation from the excess down-core 210Pb activity profiles (Appleby and 
Oldfield 1992; Corbett and Walsh in-press; Corbett et al. 2007; Oldfield and Appleby 1984).  
The model assumes that both the flux of unsupported 210Pb and the rate of accumulation are 
constant (Appleby 1993; Appleby and Oldfield 1992; Corbett and Walsh in-press; 
Kirshnaswamy et al. 1971; Oldfield and Appleby 1984).  Therefore, activities of excess 210Pb 
should decrease exponentially with depth, as modeled by: 
 
    𝐴𝑧 =  𝐴𝑜𝑒−𝜆(𝑧𝑆)     Equation 2 
 
where 𝐴𝑜 is the initial activity (dpm g
-1); activity at depth (𝐴 z), and λ is the 210Pb decay constant 
(0.03114 y-1).  The linear sediment accumulation rate (S; cm yr-1) is then calculated by fitting a 
linear regression to the natural log of excess 210Pb activity (Appleby and Oldfield 1992; Corbett 
and Walsh in-press; Oldfield and Appleby 1984; Robbins 1978): 
 
𝑆 =  𝜆
𝑏
     Equation 3 
 
where the decay constant (λ) is divided by the slope of the linear regression (b). 
 The 1963 peak in 137Cs activity was also used to determine a rate of accumulation for 
comparison with the CF-CS model rates (DeLaune et al. 1978; Kirshnaswamy et al. 1971; 
Robbins and Edgington 1975); the following equation was employed: 
𝑆 =  𝑧
𝑡
     Equation 4 
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where the rate of accumulation (S; cm yr-1)  is determined by dividing the down-core depth (z; 
cm) to the 1963 peak of in 137Cs activity by the time (t; years from 1963 to core collection). 
The mass accumulation rate (MAR; g cm-2 y-1) of the fine (muddy) sediment fraction for each 
site is calculated by: 
𝑀𝐴𝑅 =  𝑆 × 𝐷𝐵𝐷������ × 𝑑    Equation 5 
 
where S is the linear sedimentation rate (Eq. 3); 𝐷𝐵𝐷������ is the mean dry bulk density (Eq. 1) for 
each site, and d is the down-core average of fine material (Corbett et al. 2006; Corbett et al. 
2007).  The inventory (I) of excess 210Pb and 137Cs was also calculated by: 
 
    𝐼 =  ∑[(𝐴𝑖) × (∆𝑋𝑖  × 𝐷𝐵𝐷𝑖)]     Equation 6 
 
where DBDi is the dry bulk density (g cm
-3) of the sample interval; ∆𝑋𝑖 is the sample interval 
size (here 2 cm), and Ai is the activity of a given radionuclide (excess 
210Pb, total 137Cs; dpm g-1).  
The inventory for each interval is computed then summed down-core (Eq. 5). 
 
3.4 Shoreline Change 
 The 1998 and 2007 shorelines of the PRE were mapped, and a rate of calculated in-order 
to examine the contribution of fine sediment from shoreline erosion to the study area.  Shorelines 
were heads-up-digitized on aerial photos and attributed by shoreline type according to the 
method of Geis and Bendell (2008).  The 1998 shoreline was digitized using Digital Orthophoto 
Quarter Quadrangle (DOQQs) images obtained from the North Carolina Department of 
Transportation.  The 2007 shoreline was obtained from a larger estuarine shoreline mapping 
project conducted by Division of Coastal Management (DCM; ESMP 2012).  Only the shoreline 
along the main trunk of the PRE was digitized as previous studies have shown that little sediment 
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is exported from creeks and tributaries along the adjacent Neuse River sub-estuary (Marciniak 
2008; Phillips and Slattery 2006).  Therefore, the contribution to the trunk region from shoreline 
erosion occurring in the tributaries of the PRE was assumed to be negligible. 
The rate of shoreline change (SCR) was calculated using the AMBUR (Analyzing 
Moving Boundaries Using R) package (Jackson et al. 2012).  Shoreline change was computed 
along transects at a 50-meter-interval using the end-point method.  Changes in shoreline type and 
amount of shoreline modified by structures over the time period were also determined using the 
AMBUR package.  An SCR was initially calculated for all shoreline transects, however only 
rates associated with natural shoreline types (un-modified) were used to determine the average 
rate of change for the PRE; shoreline transects designated as modified (with structures) in either 
time-step were not included in the calculation.  Uncertainty in shoreline position for each time-
step was computed using Equations 7 and 8: 
 
U=�𝑬𝒅
𝟐 + 𝑬𝒓𝟐      Equation 7 
 
Ut = 
�U𝒕𝟏
𝟐 +U𝒕𝟐
𝟐  
𝑻
    Equation 8 
 
where the total uncertainty (U) for each shoreline position (e.g., 1998) is calculated from the 
digitizing error (Ed) and the imagery (Er) with Equation 7.  The total uncertainty for each 
shoreline (Utt1 and Utt2, for 1998 and 2007, respectively) is then combined and divided by the 
time (T) over which shoreline change was calculated (Equation 8) to determine the annualized 
uncertainty (Ut; Anders and Byrnes 1991; Crowell et al. 1993; Fletcher et al. 2003).  
 
120 
 
4.0 Results 
4.1 Characteristics of PRE Sediments 
 Based on location and sedimentological data, the study sites were divided into three 
regions within the PRE sub-estuary; Upper, Middle, and Lower (Fig. 1).  Cores from the Upper 
region (PRE-1, PRE-2, and PRE-3) had grain-size distributions that were more variable with 
depth, and had a greater sand fraction (Table 1).  Sites PRE-1 and PRE-3 were classified as 
sandy mud and sandy clay, and had a weight percent sand of 13.0 and 16.3%, respectively (Table 
1; Folk 1954).  The sites exhibited average dry bulk densities (DBDs) of 0.46 ± 0.13 and 0.44 ± 
0.17 g cm-3.  The most sandy was PRE-2, with a down-core averaged weight percent of 81.3%, 
and a dry bulk density of 0.93 g cm-3 (Table 1).  This site was also where the shortest core (20 
cm) was collected due to a resistant layer of sand and shell material at depth. 
 The Middle region (including PRE-4, PRE-6, PRE-7, PRE-8, and PRE-9) was 
characterized by an overall greater, and more uniform, down-core weight percent of fine 
sediments and lower average DBDs (Table 1).  The average weight percent of sand was <5 %, 
and all of the sites were classified as clay (Table 1).  Average DBD ranged from 0.29 ± 0.7 to 
0.41± 0.12 g cm-3 and decreased moving down the sub-estuary from site PRE-4 to site PRE-9. 
Cores from the Lower region (PRE-10 and PRE-11) also exhibited a fairly uniform 
down-core weight percent of sand and the most uniform down-core DBDs (Table 1).  The PRE-
10 and PRE-11 sites were both classified as clay (C) with weight percent sand of 1.8 and 1.3%, 
respectively (Table 1).  For both sites the average DBD was 0.35± 0.05 g cm-3. 
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Table 1  Grain-size distributions at each study site by down-core averaged weight percent and 
sediment texture type.  Weight percent of sand, silt, and clay determined from grain-size 
analyses.  Sediment texture type after the classification system of Folk (1954).  Site PRE-5 was 
not included as it was not utilized in the calculation of the fine (muddy) sediment budget.  Sites 
are also classified by region within the Tar-Pamlico (division between regions denoted by the 
dashed lines). 
 
 
Site Region Weight Percent Texture Class 
(after Folk 1954) Sand Silt Clay 
PRE-1 Upper 13.0 % 36.4 % 53.0 % Sandy Mud (sM) 
PRE-2 Upper 81.3 % 2.9 % 15.8 % Clayey Sand (cS) 
PRE-3 Upper 16.3 % 13.8 % 70.0 % Sandy Clay (sC) 
PRE-4 Middle 4.3 % 2.7 % 93.0 % Clay (C) 
PRE-6 Middle 0.7 % 5.6 % 93.8 % Clay (C) 
PRE-7 Middle 1.4 % 3.2 % 95.3 % Clay (C) 
PRE-8 Middle 1.4 % 5.5 % 93.1 % Clay (C) 
PRE-9 Middle 3.1 % 14.7 82.2 % Clay (C) 
PRE-10 Lower 1.8 % 1.9 % 96.4 % Clay (C) 
PRE-11 Lower 1.3 % 2.8 % 95.9 % Clay (C) 
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4.2 Radionuclide Tracers and Sediment Accumulation 
 Surface activities of excess 210Pb and inventories for all of the study sites are presented in 
Table 2.  Excess 210Pb surface activities at the sites ranged from 6.40 ± 1.13 to 15.28 ± 0.38 dpm 
g-1 (PRE-1 and PRE-2, respectively; Table 2).  Both of these sites are located in the Upper region 
of the sub-estuary (Fig. 1).  The Middle sites exhibited surface activities ranging from 10.88 ± 
1.07 to 14.28 ± 2.72 dpm g-1; with the highest activities at PRE-7 (Table 2).  The Lower region 
sites, PRE-10 and PRE-11, were characterized by similar, low, surface activities of excess 210Pb 
(7.39 ± 1.31 and 7.77 ± 0.87 dpm g-1; Table 2). 
Inventories of excess 210Pb at several sites (PRE-3 to PRE-9, and PRE-11; Table 2) were 
found to be greater than predicted for the system (Benninger and Wells 1993; Corbett et al. 
2007).  Predicted inventories of excess 210Pb and 137Cs based on atmospheric sources are 26.5 
and 18.0 dpm cm-2, respectively (Benninger and Wells 1993).  Seven of the study sites were 
found to be at or above the predicted inventory for excess 210Pb.  Whereas only two sites were 
found to be near atmospheric deposited inventory for 137Cs, PRE-1 (16.33 ± 2.37 dpm cm-2) and 
site PRE-6 (18.44 ± 0.22 dpm cm-2).  All other sites exhibited inventories of 137Cs that were <8 
dpm cm-2 (Table 2).  The greatest inventory of excess 210Pb (62.15 ± 2.12 dpm g-1) was observed 
at the PRE-6 site, centrally located within the sub-estuary (Fig. 1; Table 2).  The PRE-6 site also 
had the greatest weight percent of mud (99.3%).  The smallest inventory of excess 210Pb (17.06 ± 
2.37 dpm cm-2) was observed at PRE-1 (Upper region); it is located in the channel of the Tar 
River just north of where it enters the Tar-Pamlico sub-estuary (Fig. 1).  In general, excess 210Pb 
inventories increased down the estuary from site PRE-1 to PRE-6 (Table 2).  Sites PRE-7 and 
PRE-8 were found to have statistically similar, intermediate inventories of 33.73 ± 1.87 and 
33.58 ± 1.83 dpm cm-2 (Table 2). 
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Table 2  Radionuclide surface activities, inventories, and the depth of peak 137Cs for all of the 
study sites.  Sites are classified by region within the PRE (division between regions denoted by 
the dashed lines).  Surface activities and inventories are excess 210Pb (total 210Pb not reported).   
 
Site Region 210Pb excess 137Cs 
Surface activity 
(dpm g-1) 
Inventory 
(dpm cm-2) 
Depth to Peak 
(cm) 
Inventory 
(dpm cm-2) 
PRE-1 Upper 6.40 ± 1.13 17.06 ± 2.37 13 16.33 ± 0.25 
PRE-2 Upper 15.28 ± 0.38 21.47 ± 2.99 5 4.31 ± 0.24 
PRE-3 Upper 8.39 ± 1.63 32.26 ± 2.87 10 4.17 ± 0.13 
PRE-4 Upper 14.28 ± 2.72 41.11 ± 2.51 15 6.74 ± 0.22 
PRE-5a Middle 13.60 ± 1.57 25.95 ± 2.22 --- 1.93 ± 0.33 
PRE-6 Middle 10.88 ± 1.07 62.15 ± 2.12 21 18.44 ± 0.22 
PRE-7 Middle 14.10 ± 1.36 33.73 ± 1.87 13 7.66 ± 0.19 
PRE-8 Middle 12.49 ± 1.19 33.58 ± 1.83 13 6.34 ± 0.18 
PRE-9 Middle 13.38 ± 1.30 44.76 ± 1.72 15 5.97 ± 0.19 
PRE-10 Lower 7.39 ± 1.31 23.13 ± 1.34 5 3.58 ± 0.13 
PRE-11b Lower 7.77 ± 0.87 40.70 ± 1.92  13 4.14 ± 0.16  
a  no 137Cs peak; b  137Cs peak not well defined 
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Linear and mass accumulation rates were calculated using Equations 3 and 4 for all of the 
sites, except PRE-5 due to the lack of a distinguishable peak in the 137Cs activity profile.  A 2-
sample T-test (P < 0.05, 95% CI) found no statistical difference between average sediment 
accumulation rates derived from the two radionuclides.   Down-core activities for excess 210Pb 
and 137Cs, as well as the weight percent of mud (< 63 µm fraction) are plotted for all of the study 
sites in Figures 2-4.  In the Upper region, the greater sand fraction and down-core variability in 
grain-size may have influenced radionuclide activities.  In all three cores, there is a high sand 
percent that coincides with the depth to which 137Cs is detectable or the base of the core where it 
was observed in the field to be a deposit of coarse sand mixed with shells and woody debris (Fig. 
2).  However, the 137Cs activity peak is well-defined at the sites, and there is good agreement in 
accumulation rates with the two radionuclides at sites PRE-2 and PRE-3 (Table 3). 
The five Middle sites have detectable activities to greater depths, higher rates of sediment 
accumulation, and consistent down-core grain-size distributions (Tables 2 and 3).  The depth of 
peak 137Cs activity was 13-21 cm (Table 2), and both radionuclides had detectable activities to at 
least 25 cm (Fig. 4).  Detectable activities of excess 210Pb and 137Cs at over 40 cm depth and high 
accumulation rates at the PRE-6 site indicate the presence of a depositional center (Fig. 4).  The 
site exhibits the highest linear and mass accumulation rates of 0.38 ± 0.02 cm yr-1 and 0.12 ± 
0.04 g cm-2 yr-1.  The PRE-4 site, located in a small embayment north of PRE-6, also exhibited a 
slightly higher rate of mass accumulation (0.11 ± 0.03 g cm-2 yr-1) in comparison to sites PRE-7, 
PRE-8, and PRE-9 (Table 3).  The PRE-7 and PRE-8 sites exhibited near identical sedimentation 
rates, grain-size distributions, and depths of peak 137Cs activity.  Water depth and estuary 
morphology are similar at the sites. 
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Table 3  Linear and mass sediment accumulation rates. 
 
Site Region 137Cs 
Accumulation 
210Pb excess Accumulation 
(cm y-1) (cm y-1) (g cm-2 y-1) 
PRE-1 Upper 0.27 ± 0.02 0.33 ± 0.04 0.13 ± 0.04 
PRE-2 Upper 0.10 ± 0.02 0.10 ± 0.14 0.02 ± 0.02 
PRE-3 Upper 0.19 ± 0.02 0.14 ± 0.02 0.05 ± 0.02 
PRE-4 Upper 0.31 ± 0.02 0.27 ± 0.02 0.11 ± 0.03 
PRE-6 Middle 0.45 ± 0.02 0.38 ± 0.02 0.12 ± 0.04 
PRE-7 Middle 0.28 ± 0.02 0.25 ± 0.02 0.08 ± 0.02 
PRE-8 Middle 0.27 ± 0.02 0.24 ± 0.03 0.07 ± 0.02 
PRE-9 Middle 0.31 ± 0.02 0.30 ± 0.02 0.08 ± 0.02 
PRE-10 Lower 0.10 ± 0.02 0.16 ± 0.04 0.05 ± 0.02 
PRE-11 Lower 0.27 ± 0.02  0.36 ± 0.02  0.12 ± 0.02  
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 Fig. 3  Plots of radioisotope activity (excess 210Pb and 137Cs) and grain-size at upper Tar-Pamlico 
sites (PRE-1, PRE-2, and PRE-3).  The dashed line on each plot denotes the depth of a surface 
mixed layer (when present). 
 
 
 
 
127 
 
 Fig. 4  Plots of radioisotope activity (excess 210Pb and 137Cs) and grain-size at PRE Middle sites 
(PRE-4, PRE-5, PRE-6, PRE-7, PRE-8, and PRE-9). The dashed line on each plot denotes the 
depth of a surface mixed layer (when present).  The PRE-5 site was not used to calculate an 
accumulation rate due to the lack of a distinct 137Cs peak and the down-core variability in excess 
210Pb. 
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The Lower region sites, PRE-10 and PRE-11, are located at the mouth of the PRE, at the 
transition from the estuary to the larger Pamlico Sound (Fig. 1).  While surface activities of 
excess 210Pb and 137Cs inventories are similar, they exhibit different rates of accumulation 
(Tables 2 and 3).  The PRE-10 site is the most southern site still within the sub-estuary.  The site 
exhibits lower sedimentation rates and radionuclide inventories in comparison to PRE-9 (0.16 ± 
0.04 cm yr-1, 0.05 ± 0.02 g cm-2 yr-1, and 23.13 ± 1.34 dpm cm-2, respectively).   Sedimentation 
rates at the PRE-11 site, in contrast, were higher (0.36 ± 0.02 cm yr-1, 0.12 ± 0.02 g cm-2 yr-1), 
with the greatest mass accumulation rate aside from the PRE-6 site (Table 3).  The 137Cs profiles 
were also different between the sites; the PRE-11 site had a poorly defined peak at 13 cm, in 
contrast to the defined peak at 5 cm for PRE-10 (Table 2, Fig. 5).  Both sites had consistent 
grain-size distributions, with ~98% mud. 
 
4.3 Shoreline Change 
 Shoreline change was characterized for the Tar-Pamlico estuary over an era of 
approximately one decade.  While modified shorelines were included in the initial shoreline 
change rate (SCR) calculation, the average rate reported here is for all un-modified shoreline 
transects.  The mean SCR for the main trunk of the PRE was determined to be -0.5 ± 0.9 m yr-1.  
This is comparable to other studies in the nearby Neuse River sub-estuary (-0.58 m yr-1) and 
across the APES that found historical rates of change on the order of -0.5 m yr-1 (Chapter 3; 
Cowart et al. 2011; Riggs and Ames 2003).  The rate of erosion for the wetland shorelines 
(swamp forest and marsh shores) is somewhat greater; swamp forest and marsh shorelines are 
eroding at an average rate of 0.6 m yr-1.  Over 70% of all natural (un-modified) shoreline 
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 Fig. 5  Plots of radioisotope activity (excess 210Pb and 137Cs) and grain-size for the Lower PRE 
sites (PRE-10 and PRE-11). The dashed line on each plot denotes the depth of a surface mixed 
layer (when present). 
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transects were found to be eroding and only 28% accreting.  All wetland shoreline transects were 
found to be eroding. 
The predominant natural shoreline types in the PRE are marsh and sediment bank (31.4% 
and 33.9%, respectively), while swamp forest only accounts for 7.3% of PRE shoreline (Fig. 6; 
Table 4).  Modified shorelines cover 27.4% of the estuary, and the amount increased 
significantly over the 1998-2007 era.  A change in shore type was observed at 28% of the 
shoreline, with approximately half converted to modified (13.7%), most of which changed from 
sediment bank to modified (12.9% out of the 28%).  In terms of shoreline length, this equates to 
an additional 15.7 km more of modified shoreline in 2007 (Table 4).  This is evident in Figure 6, 
where a clear shift from sediment bank to modified shore-type can be seen along the northern 
bank and at several hot spots along the southern bank.  Landward of these shorelines were 
observed to be either under development or already developed in 1998, but without shore 
protection structures.  The remaining 14.3% of change in shoreline type was primarily due to the 
conversion of swamp forest to estuarine marsh in the Upper region of the sub-estuary (Fig. 6).  
However, due to the low resolution of the 1998 DOQQ imagery (1 m, in-contrast to 0.15 m for 
the 2007 imagery), it is possible that some of that 14.3% change may be error in the shoreline 
type attributing.  It is not likely that modified shore types were incorrectly attributed, as their 
man-made geometry is easily identified.  However, an increase of marsh shoreline types by 
almost 20 km over the decade (with an approximately 7 km loss of swamp forest) indicates there 
may be more error associated with digitizing natural shorelines. 
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 Fig. 6  Shoreline position and type for A) 1998, and B) 2007, in the trunk of the PRE.  The black 
lines denote modified shorelines; the light blue and teal lines denote wetland shorelines, and the 
yellow lines denote sediment bank shorelines. 
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Table 4  Statistics for estuarine shorelines.  The percentages reported by shoreline type from the 
ESMP Analysis Report and from this study are out of the total reported for each region (APES 
and PRE).  For comparison, the percentage that each region contains of the total estuarine 
shoreline in North Carolina is reported in parentheses. 
 
 
 Kilometers Percent 
Total Estuarine Shoreline in NC 
(ESMP; McVerry 2012): 
19,825.5 100 % 
Total APES Shoreline (ESMP 
Analysis Report; Walsh et al. 2013): 
7815.0 100 % (41.5 %) 
Swamp Forest 2426.9 31.0 % 
Marsh 4025.0 51.5 % 
Sediment Bank 904.4 11.6 % 
Modified 439.3 5.6 % 
PRE 2007 Shoreline: 172.5 100 % (2.2 %) 
Swamp Forest 12.6 7.3 % 
Marsh 54.3 31.4 % 
Sediment Bank 58.4 33.9 % 
Modified 47.3 27.4 % 
PRE 1998 Shoreline: 161.1 100 % (2.1 %) 
Swamp Forest 18.9 11.7 
Marsh 36.9 22.9 
Sediment Bank 73.6 45.7 
Modified 31.6 19.6 
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4.4 Sediment Budget 
 A budget for fine sediments (<63 µm) in the PRE was constructed to examine the storage 
of fine sediment and the potential importance of shoreline erosion as a source of material.  
Suspended-sediment load from upstream was determined to be 0.96 x 105 t yr-1 in a previous 
study by Quafisi (2010).  For the purpose of this budget it is assumed that the inorganic fraction 
of the suspended-sediment load is composed entirely of silt and clay and that the contribution 
from bedload transport is negligible. 
Only wetland shorelines were considered in the budget calculation.  The wetland 
shoreline features were subdivided into segments by intersecting the shoreline layer with a 
thiesson polygon layer that was created from a shoreline points file.  The resulting segments 
were then intersected with their respective shoreline points so that each segment was attributed 
with the appropriate SCR, shoreline type, and other relevant characteristics.  Shoreline elevation 
was determined using a digital elevation model (DEM) mosaic from 2001 with a horizontal 
resolution of 6.1 m (20 ft) and a vertical accuracy of 0.2 m (0.7 ft; 
http://www.ncfloodmaps.com).  The DEM was modified using a mask layer to remove any 
negative values, then re-sampled using the Nearest-Neighbor method at a resolution of 25 m 
(one-half the transect spacing used for shoreline change analysis in AMBUR) in Arc GIS 10.1 to 
determine mean shoreline elevation along each shoreline segment.  The shoreline segments were 
then intersected with the DEM to extract shoreline elevation.  Any segments that were not 
covered in the DEM were automatically assigned a value of zero.  A value of 0.6 m was added to 
the elevation of the shoreline segments to represent a mean depth or scarp height along eroding 
wetland shorelines based on field observations of the researcher and previous studies (Riggs and 
Ames 2003).  The total contribution of material from shoreline erosion (S; t yr-1) was then 
determined with the following equation: 
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𝑆 =  ∑[{(𝑆𝐶𝑅 × 𝐸 × 𝐿)} × {𝐷𝐵𝐷}]    Equation 9 
 
where SCR is the shoreline erosion rate (m yr-1); E is the total elevation including the 0.6 m 
adjustment (m); L is the length of each shoreline segment (m), and DBD is the dry bulk density 
for the shoreline material (g cm-3). 
 For marsh soils a mean DBD value of 0.56 g cm-3 was used; for swamp soils a mean 
DBD of 0.86 g cm-3 (Anderson and Mitsch 2006; Bradley and Morris 1990; Childers and Day 
1990; Craft et al. 1993; Craft 2007; Kabrick et al. 2005; Marcus and Kearney 1991; Richardson 
et al. 1988; Sanders 2002; Turner et al. 2006; Ward et al. 1998).  These values are similar to 
DBDs utilized by Marciniak (2008) of 0.61 (marsh soils) and 0.98 (swamp soils) for a sediment 
budget in two creeks of the Neuse River estuary.  To examine the impact of different DBD 
values on the budget, the shoreline contribution was determined for the mean DBD and for one 
standard deviation above and below the mean (0.56 ± 0.39 and 0.86 ± 0.48 for marsh and swamp 
soils, respectively).  The mass of eroded shoreline material calculated from each of the three 
scenarios was 0.24 x 105, 0.63 x 105, and  1.16 x105 t yr-1 (i.e., minus one standard deviation, 
mean DBD, and plus one standard deviation, respectively).  When the rest of the budget 
calculation remained constant, these scenarios resulted in the shoreline contribution representing 
20.0%, 39.6%, and 54.8% of fine source material for the PRE. 
 The storage of mud was determined using the sediment accumulation rates from this 
study and a 30 m resolution bathymetric data layer.  Grain-size data from this and previous 
studies were plotted on the bathymetry layer (1954; Fig. 7).  While a direct correlation between 
depth and grain-size was not observed, most of the muddy sites were located in water depths 
greater than 2.5 m.  Previous studies also have characterized shallow waters near shore as having 
135 
 
     
 
Fig. 7  PRE bathymetry and sediment texture.  Bathymetry is divided into three depth bins based 
on seabed sediment texture; 0-2.0 m is shallow sandy sediment; 2.0-2.5 m is mixed sand and 
mud depending on location; >2.5 m is muddy sediment.  Sediment texture was classified using 
grain-size analyses from this study and previous research (Bellis et al. 1975; Duane 1964; Wells 
and Kim 1989).   
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coarse to medium sandy sediments (Fig. 7; Bellis et al. 1975; Duane 1964; Wells and Kim 1989).  
Therefore, all cells with depth values shallower than 2.5 m were removed from the raster using a 
mask layer.  The total area of potential fine sediment storage was calculated to be 196.5 km2, or 
33.7% of the 583 km2 of the estuary (Table 5; Geise et al. 1979). 
The resulting bathymetry raster was then converted into a polygon layer and divided into 
regions with each PRE site as the centroid for individual region polygon features (Fig. 8; Table 
5).  As site PRE-5 was not used to calculate a mass accumulation rate, a divide was placed at the 
PRE-5 location and the regions east and west were allocated to PRE-4 and PRE-6 (Fig. 8).  The 
PRE-11 site was not utilized to calculate sediment storage as it was located past the mouth of the 
estuary.  The downstream limit of calculated sediment storage was placed half-way between the 
PRE-10 and PRE-11 sites.  A mass accumulation rate was uniformly applied to each region, and 
the regions were summed to quantify the total storage (Table 5): 
 
𝑄 =  ∑[{𝐴} × {𝑀𝐴𝑅}] ÷ [100]     Equation 10 
 
where A is the total area per region (m2); MAR (g cm-2 y-1) is the mass accumulation rate 
(previously determined for each site from Eq. 4), and the [100] is an adjustment factor for units 
(includes both a conversion from centimeters to meters, and grams to tonnes).  The fine material 
not stored in the estuary is reported as exported from the system to Pamlico Sound.  The 
sediment supplied from wetland erosion is calculated to be 0.63 x 105 t yr-1 from 219.2 km of 
shoreline (~43% of incoming fine sediments).  The river supplies 0.96 x 105 t yr-1 (~57% of 
sediment; Fig. 9; Quafisi 2010).  So, the total storage of fine sediment is 1.6 x 105 t yr-1, or 93% 
of the total sediment supplied.  Accounting for storage, this resultes in 0.3 x 104 t yr-1 (7%) of 
fine sediment exported to the adjacent Pamlico Sound (Fig. 9).   
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 Fig. 8  The extent of the PRE muddy seabed (bounded by 2.5 m bathymetry contour).  Storage of 
sediment was calculated for each area.  Regions were divided at geographic mid-points between 
study sites. 
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Table 5  Sediment storage by zone.  Water depth (m) is reported for each zone along with  total 
area (km2), mass of fine sediment (t yr-1) stored, and the percent stored (out of total). 
 
 
Site Storage 
Zone 
Water Depth 
(m) 
Storage Area 
(km2) 
Mass Stored 
(t yr-1) 
Percent 
Stored 
PRE-1 1 2.3 0.5 655.0 0.4 
PRE-2 2 2.0 0.6 117.9 0.1 
PRE-3 3 3.3 3.0 1503.0 1.0 
PRE-4 4 3.1 8.4 9278.4 6.0 
PRE-6 6 4.1 25.6 30,693.6 19.7 
PRE-7 7 4.7 31.6 25,270.4 16.2 
PRE-8 8 4.1 37.9 26,532.7 17.0 
PRE-9 9 4.3 30.7 46,516.6 29.6 
PRE-10 10 6.2 58.1 15,354.7 9.8 
Total Storage: ---- 196.5 155,922.3 ---- 
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 Fig. 9  Box model representing the fine sediment budget for the PRE.  Sources of material 
include wetland shoreline erosion and sediment discharge from the Tar River.  Storage represents 
the accumulation of material within the PRE.  Box sizes are not to scale. 
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5.0 Discussion 
5.1 Sedimentation in the Tar-Pamlico estuary 
 The sedimentological data and sediment accumulation rates presented in this study 
provide insights into the movement and storage of sediment across the Tar-Pamlico sub-estuary.  
The Upper region of the sub-estuary is characterized by a relatively thin layer (approximately 20 
cm) of sandier sediments that overly a coarse deposit of shell, sand, and woody debris.  These 
sites (located in the narrow channel at the head of the estuary where the Tar discharges into the 
PRE) are strongly influenced by freshwater discharge (e.g., river hydrodynamics; Fig. 1).  The 
shallow activity profiles and average water depths (< 3 m) indicate a region of low or transient 
deposition at PRE-2 and PRE-3 (Fig. 10).  Previous research by Giffin and Corbett (2003) 
observed a linear accumulation rate of 0.3 cm yr-1 at a site near PRE-3.  They hypothesized the 
accumulation was due to the presence of a turbidity maxima in the region (Giffin and Corbett 
2003).  This study observed lower rates of accumulation (< 0.2 cm yr-1) but supports the potential 
for short-term, transient, deposition at the site. 
 The Middle region is characterized by overall higher rates of fine sediment accumulation, 
(mud fraction greater than 95%; Table 1; Fig. 7).  Inventories above atmospheric predicted 
deposition support this (> 26.5 dpm cm-2; Benninger and Wells 1993).  PRE-4 site, located in a 
small embayment, is characterized by high excess 210Pb surface activity, inventory, and 
accumulation rate.  Fine sediments delivered from the Tar River and eroded from nearby swamp 
and marsh shorelines are likely deposited in the shallow bay as the estuary widens and river flow 
decreases.  However, at the south end of the embayment the estuary narrows abruptly to ~2.5 km 
across and deepens to over 5 m.  Site PRE-5 was located in the channel of this narrow outlet 
from the embayment and the complex sediment record here probably reflects these conditions 
(Fig. 5; Table 2; Corbett et al. 2007; Tully 2004).  Greater flow velocities as a function of the 
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 Fig. 10  Zones with estimated sediment storage rates, as determined from excess 210Pb. 
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narrower channel likely increase scour of the seabed, resulting in increased water depth, coarser 
sediments, and variable radioisotope profiles.  A study by Cooper et al. (2004) also found 
indications of alternating sediment conditions and properties (bulk density and loss on ignition) 
in this area. 
The high radionuclide inventories and accumulation rates at PRE-6 indicate a focusing of 
sediment into a zone of rapid accumulation (Fig. 10).  However, near vertical activity profiles of 
excess 210Pb and 137Cs in the first 10 cm suggest a thick surface mixed layer produced by 
biological mixing or physical reworking composed of clay-sized particles.  The rest of the 
Middle region is characterized by greater than 95%, homogenous, muddy sediments, and thin 
surface mixed layers (~2 cm).  This region is deeper than 4.5 m on average and is relatively 
uniform in estuary width (Figs. 1 and 2A).  Together, these data indicate a large section of the 
lower Middle region is consistently accreting fine sediments with little re-working or erosion of 
deposited material (Fig. 10). 
The Lower region indicates a zone at the mouth of the estuary (downstream of the 
confluence of the PRE and Pungo River tributary) of lower accumulation (Fig. 10).  Channel 
narrowing, reduced sediment input, and greater wave exposure likely result in an area of low 
accumulation (Fig. 10).  The vast majority of available fluvial sediment has probably deposited 
within the more landward (with enhanced settling rates from flocculation) PRE (84%), leaving 
less material available to accumulate at the PRE-11 site.  In the sediment budget calculation, the 
PRE-11 region only represents approximately 9% of the total storage of fine material, whereas 
the Middle regions sites PRE-6, PRE-7, PRE-8, and PRE-9 contain 83% of the sediment stored 
in the estuary.  Some material is likely exported to the adjacent Pamlico Sound through wave 
resuspension.  Based on storage area (196.5 km2) and total inputs, it is estimated than an average 
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sedimentation rate of 0.33 cm yr-1 (resulting in ~17 cm thick layer of sediments) would be 
required to store 93% of supplied sediment.  In reality, rates of sedimentation vary across the 
estuary; however, this estimate is consistent with many of the study sites and previous work by 
Giffin and Corbett (2003).   
 
5.2 Shoreline Change 
For PRE shorelines, calculated over a 9-year-era, instead of the 50-year typically used to 
determine historical rates of change in studies, the mean SCR (-0.5 ± 0.9 m yr-1) is comparable to 
both intermediate (decadal) and historical rates observed in the APES (Chapter 3; Cowart et al. 
2011; Riggs and Ames 2003).  Therefore, despite the proportionally large annualized error of ± 
0.9 m yr-1, this rate is representative of mean shoreline change across the PRE.  This is important 
to note for subsequent discussion of the sediment budget. 
Bellis et al. (1975) estimated a rate of shoreline hardening in the APES at13 km yr-1.  The 
recently completed Estuarine Shoreline Mapping Program (ESMP) estimates that approximately 
5% of all shoreline in the twenty coastal counties of North Carolina are currently modified with 
structures (Table 4; McVerry 2012).  In the PRE, this hardening is much higher; 27.4% of the 
shoreline along the trunk of the estuary is modified (Table 4).  Over the 1998 to 2007 era 
examined in this study, there was an increase of 15.7 km (7.8%) of modified shoreline, primarily 
by conversion of sediment bank shores to structures (Table 4).  By converting the net increase in 
modified shoreline (15.7 km) to an annualized rate, the rate hardening for the PRE is calculated 
to be 1.7 km yr-1.  As the ratio of modified to natural shoreline is several times greater in the PRE 
in comparison to other shorelines in the APES, this is likely greater than the actual rate of 
hardening and was far less than the Bellis et al. (1975) estimate.  This estimate does not account 
144 
 
for spatial variability in shoreline modification or the influence of coastal management policies, 
or the types of shoreline structures that are constructed.  While much of this modification was 
observed along sediment bank shores, which were not included in the final sediment budget, the 
overall increase in modified shorelines indicates the possibility of future impacts to sediment 
supply.  Essentially, the supply of sediment from shoreline sources would be reduced as the 
amount of modified shoreline expands.  A study in the Chesapeake Bay hypothesized that as 
river sources of sediment have decreased due to upstream dam construction, the significance of 
shoreline erosion to coastal sediment budgets has increased (Marcus and Kearny 1991).  
Therefore, human activities along estuarine shorelines may impact future sediment supply. 
 
5.3 Sediment Budget 
 A sediment budget was constructed for the Tar-Pamlico sub-estuary to examine sediment 
storage and the contribution of shoreline erosion.  The budget focuses specifically on fine 
sediments (grain size <63 µm), as rates of sedimentation for sandy areas of the seabed were not 
quantified.  A previous study by Quafisi (2010) quantified the storage of sediment on the 
floodplain of the Tar River and estimated a load of sediment to the estuary of 0.96 x 105 t yr-1.  
As reported in Table 5, shoreline erosion can account for almost 43% of the total supply of 
muddy sediment to the system, while the Tar River input equals 57% of the material.  The 
percent of sediment contributed from shoreline erosion is less than reported in other studies, 
including the Neuse River estuary and tributaries of the Chesapeake Bay (Benninger and Wells 
1993; Marcus and Kearny 1991; Pachineelam et al. 1999; Yarbro et al. 1983).  However, it 
should be noted that these previous studies addressed a total sediment budget (including erosion 
from all shoreline types in the region of interest) instead of a budget solely for fine sediments.  In 
the PRE, 33.9 % of the shoreline is sediment bank and therefore not included in this budget.  
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These shorelines are expected to primarily contribute sandy sediment to nearshore shoals and 
shallow margins (< 2.5 m depth; Bellis et al. 1975; Wells and Kim 1989). 
 The shoreline contribution (in this budget) varies significantly depending on the DBD 
and scarp height values ranging from 20% to 55%.  As a result, the amount of fine material 
potentially exported from the PRE extends from negative values to 0.72 x 105 t yr-1 or 32%.  
Future refinements of this budget should therefore include DBD values derived from sediment 
sampling of the shorelines located within the estuary, instead of literature-derived values.  
 Previous studies have indicated that the Tar-Pamlico and Neuse River sub-estuaries 
provide sediment to Pamlico Sound (Benninger and Wells 1993; Tully 2004).  However, other 
studies of estuarine systems found that the vast majority of material is stored within the 
drowned-river tributary (Donoghue et al. 1989; Marcus and Kearney 1991; Phillips and Slattery 
2006; Schubel and Carter 1970; Wells and Kim 1991).  This sediment budget calculated that a 
maximum 7% of supplied fine material leaves PRE system.  In sediment budgets for the 
Chesapeake Bay, and previous work in the Albemarle-Pamlico system, over 80% of supplied 
material is stored within either creek or drowned-river tributaries of these large, complex, 
estuarine systems (Donoghue et al. 1989; Hobbs et al. 1992; Marciniak 2008; Marcus and 
Kearney 1991; Phillips 1987; Phillips 1989; Phillips and Slattery 2006; Schubel and Carter 
1970).  These studies, and the research presented here, also support the significance of shoreline 
erosion as a source of sediments to estuarine systems.  With increased sea-level rise (SLR), 
greater accommodation space may further reduce transport to the sound. 
 
6.0 Summary and Conclusions 
 This study examined measures of radionuclide tracers and sedimentological 
characteristics at 11 sites across the Tar-Pamlico sub-estuary, North Carolina.  Rates of shoreline 
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change for the decade of 1998-2007 were used to examine the significance of shoreline erosion 
as a source of fine sediment to the system. Finally, a preliminary sediment budget for fine 
sediments was constructed. 
  Measures of grain-size and dry bulk density illustrate the distribution of sediments across 
the system.  Fine sediments were generally observed in areas where water depth was greater than 
2.5 m, and the greatest percentages of mud were seen along the Middle region.  Spatial 
variability in inventories of excess 210Pb and rates of sediment accumulation indicate 
depositional centers in the Middle region (sites PRE-4 and PRE-6).  Moderate rates of 
accumulation were extended to the Lower region sites.  Rates of shoreline change were 
comparable to other studies within the APES (-0.5 ± 0.9 m yr-1), and changes in shoreline type 
indicate an increase in modified shores by 7.8%.  A rate of hardening of 1.7 km yr-1 was 
estimated for the PRE, significantly less than earlier estimates. 
 The preliminary sediment budget indicates erosion may contribute almost one-half (43%) 
of incoming fine sediment to the sub-estuary.  A total of 93% of incoming fine sediment is 
apparently stored within the estuary (primarily in the Middle region), while only 7% is thought to 
be exported to nearby Pamlico Sound.  These findings are comparable to previous studies in both 
the Chesapeake Bay and Albemarle-Pamlico estuarine systems. 
 These data illustrate the complexity of fine sedimentation in even a small sub-set of the 
large Albemarle-Pamlico Estuarine System and highlight the potentially increasing importance 
of shorelines as a source of sediment to coastal systems. 
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CHAPTER 5 
 
 
 
Estuarine Shoreline Change: Implications for  
Coastal Zone Management in North Carolina 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.0 Introduction and Context 
Shoreline change is a process that is influenced by natural (e.g., storm waves and 
currents) and anthropogenic activities (e.g., bulkheading), and these dynamics threaten 
ecosystems, human developments, and economic sustainability (Rabenold 2013; Charlier and De 
Meyer 1998; French 2003).  In 2003 it was estimated that 53% of the United States’ population 
lived in a coastal county (NOAA 2004).  Loss of property from erosion and sea-level rise will 
reach over $500 million per year over the next several decades (Heinz 2000; Rabenold 2013).  
According to the IPCC, eustatic sea-level rise is 2-3 mm yr-1, resulting in an increase of mean 
sea-level (MSL) of 0.2-0.6 m by the year 2100 (IPCC 2007).  In North Carolina, a report by the 
Coastal Resources Commission (CRC) indicates rates of relative sea-level (RSL) rise of 2.0-4.3 
mm yr-1 (DCM 2010; Horton et al. 2009; Kemp et al. 2009; NOAA 2004).  While there is much 
debate regarding the exact rate, sea-level rise will impact many coastal communities around the 
world (Horton et al. 2009; Kemp et al. 2009; NOAA 2004; Poulter et al. 2009).  This has the 
potential to exacerbate the problem of shoreline erosion.  Indeed, storms such as hurricanes also 
affect rates of shoreline erosion depending on their timing and intensity (Day et al. 2007; List et 
al. 2006; Phillips et al. 1999).  
Despite the potential risks, coastal counties are continuing to grow in population 
(Crossett 2013; Rabenold 2013).   Nationwide, it is estimated that over the last ~50 years there 
has been an average increase of 70% in the populations of coastal counties (Wilson and Fischetti 
2010).  Crossett (2013) predicts a growth of 8% over the next 7 years.  In North Carolina, 
counties such as Brunswick, Currituck, and Dare exhibited an over 400% increase in total 
population, with Dare County ranking 17th in the nation for percent increase in population 
(Wilson and Fischetti 2010).  The accompanying increase in development has been shown to 
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decrease the capacity of coastal environments to respond to natural processes such as sea-level 
rise, erosion, and storms (Kittinger and Ayers 2010).   
One way that increased population and development impact natural coastal processes is 
through the construction of shoreline protection structures, or “armoring” of the shoreline 
(Douglass and Pickel 1999).  A study in Mobile Bay, Alabama, found that by 1997 only 70% of 
the shoreline was still classified as natural, while the remainder was armored with either 
bulkheads or revetments (Douglass and Pickel 1999).  In other states, such as New Jersey, the 
amount of armored shoreline is reportedly as high as 75% (Erdle et al. 2006).  In North Carolina, 
the total amount of shoreline armoring is approximately 5% across the twenty coastal counties; 
however, in Carteret County as much as 15% of the county's shoreline is modified (McVerry 
2012).  To meet both the demands of development and protect coastal habitat, natural processes 
such as erosion need to be taken into account when formulating management plans for the 
estuarine shorezone. 
The issue of estuarine shoreline erosion is not unique to North Carolina, and  approaches 
to everything from measuring erosion to managing development vary by state.  Furthermore, a 
lack of unifying policies at the federal level has hindered the creation of more comprehensive 
and comparable management plans for the coastal zone (Eichbaum 1994).  Policies targeting 
different aspects of coastal management exist at all levels of government and commonly overlap 
in jurisdiction (Eichbaum 1994).  Currently, the main federal legislation facilitating coastal 
management is the Coastal Zone Management Act (CZMA), which was enacted in 1972 as an 
attempt to consolidate efforts and provide a supporting framework for management at the federal 
level (Christie 1994; Hershman et al. 1999; Kittinger and Ayers 2010).  The objective of the 
CZMA was to “…preserve, protect, develop, and where possible, to restore or enhance, the 
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resources of the Nation’s coastal zone for this and succeeding generations” (Christie 1994; 
CZMA 1972; Hershman et al. 1999).  This was to be accomplished by supporting the 
implementation of state coastal management programs. 
North Carolina was the first state to enroll in the Coastal Management Program 
(NCDENR 2011; NOAA 2010).  The state passed its Coastal Area Management Act (CAMA) in 
1974, and the National Oceanic and Atmospheric Administration (NOAA) approved their 
Coastal Management Plan (CMP) in 1978 (NCDENR 2011; NOAA 2010).  Key to the execution 
of the NC CAMA is the central authority of the NC Coastal Resources Commission (CRC) 
(Kittinger and Ayers 2010).  In a 1975 revision of the CAMA, the CRC was created as a central 
governing body that would; "…designate areas of environmental concern [AECs], adopt rules 
and policies for coastal development within those areas, and certify local land-use plans." (Fig. 1; 
DCM 2007).  The CRC provides not only oversight to agency and local government 
management plans and policies but also provides minimum guidelines that all coastal counties 
are required to abide (Kittinger and Ayers 2010).  The CRC is supported by the DCM and the 
Coastal Resources Advisory Council (CRAC).  The DCM is responsible for land-use planning 
and all the associated permitting and enforcement that accompany coastal development in the 
State’s 20 CAMA counties (DCM 2010).  Of specific relevance to this thesis, the DCM is also 
tasked with the permitting and regulation of estuarine shoreline modification. 
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 Fig. 1  Map illustrating the boundaries and setbacks of the AECs as they are defined by the 
North Carolina CAMA (DCM 2010). 
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The overall objective of this thesis was to examine estuarine shoreline dynamics in the 
large, shallow, Albemarle-Pamlico Estuarine system (APES) of North Carolina.  Specifically, 
this thesis investigated: 1) estuarine shoreline change and its drivers over varying temporal and 
spatial scales, 2) the role of shoreline erosion in a sediment budget, and 3) the potential impacts 
of shoreline hardening on the functioning of the system.  This was accomplished using a 
combination of field and laboratory methods, as well as the application of remote sensing and 
computer modeling techniques.  This chapter summarizes the results of this dissertation, and 
explores the implications of this study’s results on future estuarine shoreline management in 
North Carolina. 
 
2.0 Summary and Management Implications 
 Shoreline change was found to be highly variable over different timescales and by site.  
The average historical (50yr era) rate of shoreline change, for all of the study sites, was -0.5 m 
yr-1.  This is comparable with previous studies of estuarine shorelines in North Carolina (Cowart 
et al. 2010; Cowart et al. 2011; Riggs and Ames 2003).  Rates of shoreline change were also 
determined for discrete time periods comprising the fifty-year-era; however, no clear trend of 
accelerating shoreline erosion was observed.  For the 1998-2007 period, shoreline change was 
investigated in-detail for the Tar-Pamlico estuary (PRE; which included the GCP site), as well as 
for the other four individual sites (GRG, KHW, OCR, and PPP).  The shoreline change rate 
ranged from -0.03 ± 0.5 to -1.0 ± 0.9 m yr-1 with sites GCP and KHW being the end members.  
While there was little change in shoreline position observed at the GCP site for this era (H4; 
within error), the mean SCR for the entire PRE estuary trunk was -0.5 m yr-1. 
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To observe these changes in the shorezone at a higher frequency and resolution, the 
combination of Real-time Kinematic GPS (RTK-GPS) surveys and balloon-aerial photography 
(Aerostat) were utilized (Eulie et al. 2013).  The two methods facilitate rapid, high-accuracy, and 
cost-effective shoreline surveys in the field.  This study found that Aerostat-mapped shoreline 
positions were comparable in accuracy to the RTK-GPS (Eulie et al. 2013).  However, the 
former required the latter, i.e., RTK-GPS is necessary to provide highly accurate control points 
with which to georeference the Aerostat imagery (Eulie et al. 2013).  The imagery is valuable as 
it provides contextual information that is useful for analyzing the process and drivers of change 
in coastal environments (Eulie et al. 2013).  Despite the use of high-accuracy methods such as 
the RTK-GPS and Aerostat, the range of change uncertainty was greater for the sub-annual than 
for longer estimates of shoreline change due to annualizing the error (even a lower error) from 
the shorter survey periods.  This is one reason that previous shoreline change studies, and 
management plans, focus on the historical rate of change (i.e., over many decades).  Only in 
recent years has the accuracy of field and remote sensing mapping techniques increased to the 
point where these finer-scale changes can be resolved with certainty.  As the cost of these 
technologies decreases, and the accuracy increases, they should be utilized more often to 
examine fine-scale variability in shoreline position, in the larger context of the historical trend. 
 As stated, these methods were employed to examine sub-annual (S1-S5; bi-monthly) 
change in shoreline position at the individual study sites.  The greatest variability, both between 
sites and eras, was observed in the sub-annual SCRs.  At some sites the annualized rate of 
change was significant and clearly exceeded the error (e.g., PPP and GCP), at others (e.g., KHW, 
GRG, and OCR) much of the measured shoreline change fell within error.  However, during the 
S2 era, the SCR for the GRG site also exceeded the error.  Erosion-accretion cycles were also 
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observed at the PPP and GCP sites for consecutive eras; this was likely a response to differences 
in wave energy. 
  Waves were modeled for individual events and the entire sub-annual time period using a 
coupled hydrodynamic-wave model.  The model was validated using observations of wave 
height from two storm events in the APES prior to running the simulations for the sub-annual 
eras.  Wave heights were simulated for three meteorological events that occurred during the S2 
era, including the passage of Hurricane Earl.  A wind ramp simulation was also run to examine 
the role of wind direction on wave energy and shoreline erosion at the sites, and the results from 
the ramp were utilized to hind-cast wave height for the sub-annual periods (S1-S5).  The 
simulations indicate that, while the greatest significant wave heights did occur during the S2 era, 
they occurred at different times during the era, at the respective sites.  This is largely due to 
differences in wind direction and shoreline orientation at the sites.  Also, the erosion-accretion 
cycle from S2 to S3 at the PPP and GCP sites was observed to correspond with differences in 
wave energy over the sub-annual eras.  The greatest wave heights (and energy) were simulated to 
occur during the eras of greatest erosion.   At the PPP site, the 16% of simulated wave heights 
>0.4 m occurred during the S2, S4, and S5 eras, when the rate of erosion was high, but accounted 
for 60% of total wave energy simulated over the sub-annual time period. 
Coastal storms have been highlighted in previous studies as important mechanisms for 
the shoreline erosion (Camfield and Morang 1996; Dolan et al. 1978; List et al. 2006; Phillips 
1999), and the research here provide quantified evidence.  The present study simulated 
significant wave heights of 0.6 – 1.5 m that corresponded to significantly higher rates of erosion 
at the sites.  At the GRG site, rates of -8.6 to -9.7 m yr-1 were observed.  During Hurricane Earl, 
the annualized SCR at the PPP site was almost -20 m yr-1.  But it is notable, that while the SCR 
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at the PPP site was significantly greater, post-storm recovery in the form of several meters of 
accretion was also observed during the next era (S3). 
Sediment bank shorelines such as the PPP or GCP sites, and oceanfront shores, have the 
potential to recover through the transport of sediment back onto the shore face during from lower 
energy waves; whereas, for marsh shorelines such as the GRG site, the post-storm shoreline 
position represents the new marsh edge.  Therefore, the contribution of coastal storms or other 
high-energy wave events, likely has a greater impact on the long-term rate of change along 
wetland shorelines such as marshes.  This response to storms could impact development in North 
Carolina's coastal counties where 65% of the estuarine shoreline is composed of marsh, and in 
some counties, such as Currituck and Hyde, over 80% of the shoreline is marsh (McVerry 2013).  
Finally, when the current rate of sea-level rise (2.0-4.3 mm yr-1) is also factored into the scenario, 
there is an even greater potential for the net loss of marsh shorelines due to the combination of 
shoreline erosion, inundation, and the presence of development that impedes the landward 
transgression of these systems (Brinson et al. 1995; Horton et al. 2009; Kemp et al. 2009; NOAA 
2004; Voss 2009).  This is important because future loss of wetland habitat from erosion and 
inundation may impact the resilience of coastal communities to impacts such as storm surge 
(Barbier et al. 2013).  While the protection provided by wetlands from wave energy and storm 
surge is widely known, a recent study in the Mississippi River Delta by Barbier et al. (2013) 
quantified the  cost savings in damages from having more wetland cover.  They found that 
damage costs from storm surge could be reduced by over $700,000 (or the equivalent of saving 
3-5 properties) at a single marsh transect if there was as little as a 1% increase in the marsh-water 
ratio along that transect (Barbier et al. 2013). 
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Erosion from wetland shorelines also represents an important source of fine sediments to 
the larger estuarine system.  Within the Tar-Pamlico estuary, wetlands (marshes and swamp) 
represent 40% of the total shoreline (not including small tributary creeks), and 53% of all natural 
shoreline.  A fine sediment budget was constructed during this study to examine the contribution 
of shoreline material to larger estuarine system.  The budget was constructed using data from 
previous research in the APES by Marciniak (2008), Quafisi (2010), and others, as well as from 
the present study.  While the contribution of fine sediment was found to vary significantly 
depending on characteristics such as dry bulk density (DBD) and scarp height, the final budget 
presented in Chapter 4 estimated 43% of the fine material was incoming from shoreline erosion.  
This is less than the 85-98% of material estimated by other studies in the Neuse River estuary 
and Chesapeake Bay (Benninger and Wells 1993; Marcus and Kearny 1991; Pachineelam et al. 
1999; Yarbro et al. 1983).   However, as the discharge from coastal rivers is increasingly 
impacted by the presence of dams, shoreline erosion is hypothesized to become a more important 
source of material (Marcus and Kearny 1991).  Given this hypothesis, the rate and extent to 
which estuarine shorelines are modified with structures will impact the supply of sediment to 
systems such as the APES. 
As part of the sediment budget, rates of sediment accumulation and the storage of fine 
material were calculated.  This was used to determine the percent of supplied material to the Tar-
Pamlico that was stored, and the percent that was available for export to the adjacent Pamlico 
Sound.  Rates of sediment accumulation were determined through the use of the radionuclides 
137Cs and 210Pb.  Linear rates of sediment accumulation ranged from 0.1 to 0.4 cm yr-1 across the 
Tar-Pamlico estuary.  Sedimentation in the Upper region of the Tar-Pamlico is likely controlled 
by river hydrodynamics and is characterized by mostly lower (<0.2 cm yr-1) rates of 
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accumulation.  The Trunk region of the estuary is characterized by higher rates of accumulation 
(0.2 to 0.4 cm yr-1), with the greatest rate of accumulation seen at PRE-6, located in the center of 
the Middle region.  Along the Middle, sedimentation appears to be controlled by a combination 
of estuary geometry and hydrology.  Fine sediments supplied by the Tar River and eroded from 
the marshes and swamps are potentially deposited in the shallow bay around site PRE-4.  
However, at the southern end of the embayment the estuary narrows considerably, and 
radionuclide activity profiles for a site located there indicate scouring of the seabed due to 
greater flow speeds.  As the estuary widens again, material is accumulated in the regions around 
sites PRE-6 to PRE-9.  This area represents the primary sediment depocenter for the Tar-Pamlico 
estuary, where over 80% of the supplied material is stored.  Overall, this study estimates that 
93% of all fine sediment supplied to the Tar-Pamlico is ultimately stored within the system, with 
only a small fraction (7%) potentially exported to Pamlico Sound.  This is comparable with other 
studies in the APES and Chesapeake Bay. 
 
3.0 Implications for Estuarine Shoreline Management in North Carolina 
Under ideal conditions, coastal management and waterfront development plans would 
account for natural processes such as waves and currents, the local sediment budget, shoreline 
migration and sea-level rise (Charlier and De Meyer 1998; Roman and Nordstrom 1996).  
Effective coastal management should strive to address problems and conflicts in advance 
(Charlier and De Meyer 1998; Kittinger and Ayers 2010).  Instead, most responses to shoreline 
erosion are reactive and without advanced planning (Charlier and De Meyer 1998).  Problems 
are addressed on a case-by-case basis and dealt with as they occur.  Another issue is that 
management programs can overlap in jurisdiction and management agencies often have 
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conflicting or competing objectives when it comes to resource management (Charlier and De 
Meyer 1998; Kittinger and Ayers 2010).  Federal programs such as the CZMA have attempted to 
minimize these problems but have certainly not eliminated them (Charlier and De Meyer 1998; 
Christie 1994; Kittinger and Ayers 2010).  However, partnerships for addressing coastal and 
ocean issues, such as the Governors South Atlantic Alliance (GSAA), the Southeast Coastal 
Ocean Observing Regional Association, and the Chesapeake Bay Program, show how coastal 
management can become more integrated and improve in the future.   It is recommended that 
states foster these partnerships and that support be provided at the federal level (NOAA already 
supports some of the aforementioned programs) to promote these efforts and assist in regional 
and inter-state coordination. 
Online portals that facilitate the timely and affordable, dissemination of information to 
managers, scientists, and the public are also becoming important tools.  Products such as: the NC 
DCM’s online portal (i.e., the Estuarine Shoreline Stabilization Decision Tree), the NC 
ONEMAP, the NC Coastal Atlas, Maryland's coastal Atlas (i.e., Shorelines), and Virginia's 
Coastal GEMS.  These tools provide data and educate the public on the coastal zone and provide 
regulatory and permitting information (MDDNR 2012; DCM 2010; VADEQ 2012).  Maryland’s 
portal is a good example; it enables users to look at historical and modern erosion rates, hazard 
and vulnerability data, storm surge and sea-level rise projections, policies and regulations, 
inventories of shoreline engineering and other projects as well as environmental data, base maps, 
and aerial images (MDDNR 2012).   
Realistically, the variable response of estuarine shorelines to episodic events and wave 
energy creates an even more complex management situation for North Carolina and the CRC and 
DCM.  All of the shorelines discussed in this dissertation fall within the Estuarine System AEC 
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as designated by the CRC (DCM 2010; Heath and Owens 1994).   Currently, the Estuarine 
Shoreline AEC extends from a baseline of normal high water, or normal water level, to a 
distance of 75 ft (22.9 m) inland (Fig. 1; DCM 2010).  This zone is extended to 575 ft (175.3 m) 
where adjacent to designated Outstanding Resource Waters (Fig. 1; DCM 2010).  There are 
currently no erosion set-backs for development within this AEC, such as for the Ocean AEC; 
however, there is a standard 30 ft (9.1 m) buffer required between new development and the 
baseline (DCM 2010).   
According to NOAA (2012a), most estuarine shorelines in the United States lack 
sufficient data to establish set-back erosion rates, as is done for many oceanfront shorelines.  In 
North Carolina, there is potential within the existing regulatory framework (i.e., the AECs) to 
implement set-backs or a system of rolling easements, but regulatory actions such as this must 
consider socioeconomic impacts as well as environmental factors (e.g., erosion rates).  With the 
recent completion of the DCM’s Estuarine Shoreline Mapping Project (ESMP), the first 
continuous digital map of the entire estuarine shoreline of North Carolina is now available 
(McVerry 2012).  The DCM plans to produce new estuarine shoreline maps on a regular cycle, 
similar to the current method of mapping oceanfront erosion rates (every 5 years; DCM 2013).  
With additional shoreline position data, North Carolina will be able to produce detailed maps of 
estuarine shoreline erosion.  Results from this dissertation research, and other on-going research 
efforts will help understand and evaluate the observed dynamics.  As observed in this 
dissertation, erosion rates can vary greatly between shoreline types and locations.  The continued 
mapping effort by the DCM will provide the level of detail necessary to apply erosion set-backs 
to the State’s estuarine shorelines, although the environmental, economic, and social 
ramifications will need further attention.   
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For implementation, the DCM could utilize the existing estuarine AEC baseline, or the 
line of stable vegetation (as utilized for the ESMP to designate the shoreline), to set a baseline 
for measuring erosion set-backs or defining an erosion easement.  For clarity, it would make 
sense that the resulting set-back lines are comparable to the oceanfront system’s which are based 
on erosion rates and structure size.  Based on the findings in this and other work, shoreline type 
should be considered in the estuarine system.  For example, the South Carolina DHEC 
recommended the implementation of set-back lines based on the erosion rates of different types 
of estuarine shorelines (NOAA 2012a; SCDHEC-OCRM 2010).  Across the vast NC coastal 
zone, a hybrid approach of applying set-back rates based on erosion along shorelines with the 
most data, or most prone to erosion (based on shoreline type), and a standard set-back for other 
shorelines could be applied.  This type of approach is currently utilized in Minnesota for 
shorelines along Lake Superior (NOAA 2013a).  Minnesota’s North Shore Management Plan 
(NSMP) applies a set-back of “50 times the annual erosion rate plus 25 feet” where enough 
shoreline data is available, and applies a standard set-back of 125 ft for all other shorelines 
(NOAA 2013a).  This type of hybrid approach could facilitate the implementation of an overall 
estuarine shoreline set-back system in North Carolina now, with more site-specific set-backs 
where adequate data on shoreline erosion already exists.  In addition to set-backs, efforts could 
be considered to encourage the use of more “soft” shoreline protection strategies such as 
vegetative plantings or oyster sills, which can provide protection for estuarine shorelines from 
erosion, and benefit nearby development.  These methods have been shown to attenuate erosive 
energy from waves and storm surge, while still allowing an exchange of water and sediment 
between the shoreline and adjacent estuary (Hardaway and Byrne 1999; Nordstrom 1992; NRC 
2007; Rogers and Skrabal 2001). 
170 
 
However, more study of estuarine shorelines would be necessary before implementing 
any of the measures discussed here.  In particular, ecological and socioeconomic issues must be 
evaluated.  Coastal managers will need to consider how set-backs and hardening limitations 
might alter ecosystem services or property values.  Additionally, the efficacy of shoreline erosion 
mitigation measures (i.e., engineering approaches) should be further investigated.   From a 
geoscience standpoint, there is limited knowledge on the processes that control estuarine 
shoreline change, and how current and future human activities (e.g., development), or sea-level 
rise may alter those processes over varying temporal and spatial scales.  In conclusion, this 
research has examined and identified some of the processes and factors influencing estuarine 
shoreline change, as well as how shoreline dynamics can affect the sedimentary functioning of 
the larger estuarine system.  Additional interdisciplinary investigation is essential to improve our 
understanding of estuarine system behavior and potential management implications. 
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